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Introduction 


It  was  previously  demonstrated  that  tumorigenesis  in  several  models  strictly  requires  the  heat  shock 
transcription  factor  Hsfl.  Indeed  crossing  of  p53v~  mice  with  hsfA  mice  almost  completely  prevented 
lymphoma  development  (Min  et  al,  2007),  but  not  appearance  of  some  other  cancers.  Similarly,  Hsfl 
deficiency  drastically  delayed  chemical  skin  carcinogenesis  and  increased  survival  from  30%  to  90% 
(Dai  et  al,  2007).  In  this  study,  using  transgenic  and  xenograft  models,  we  uncovered  that  Hsfl  plays 
a  critical  role  in  development  of  Her2-positive  breast  cancer.  Preliminary  data  suggested  that  Hsfl  is 
necessary  for  suppression  of  the  oncogene-induced  senescence  (OIS),  and  for  tumor  angiogenesis. 
The  major  goal  of  this  program  was  to  investigate  the  molecular  nature  of  these  effects.  Our  data 
were  corroborated  by  recently  published  population  studies  that  Hsfl  is  strongly  upregulated  in  Her2- 
positive  breast  cancer  and  its  levels  correlate  with  poor  prognosis  (Santagata  et  al,  2012). 

Body 

Taskl 


Hsfl  knockout  suppresses  Her2-induced  hyperplasia  and  tumor  development 


We  have  previously  found  that  the  knockdown  of  Hsfl  in  MCF10A  human  mammary  epithelial 
cells  prevents  neoplastic  transformation  by  Her2  oncogene.  Indeed,  while  expression  of  Her2  in 
control  MCF10A  cells  facilitated  foci  formation  in  culture  and  tumor  appearance  in  nude  mice, 
expression  of  this  oncogene  in  Hsfl  knockdown  MCF10A  cells  led  to  growth  arrest  and  OIS,  and 
tumors  could  not  form  in  nude  mice  (Meng  et  al,  2010).  To  further  dissect  where  in  the  tumorigenic 

process  Hsfl  exerts  its  activity,  here  we  used  the  transgenic  animal 
model.  We  crossed  Hsfl  knockout  animals  with  mice  expressing 
Her2/NeuT  (a  rodent  homolog  of  Her2  carrying  activating  mutation) 
under  the  control  of  MMTV  promoter  (MMTVneu)  (Guy  et  al,  1992)  to 
generate  WT-MMTVneu+,  hsf1+/"MMTVneu+,  and  hsfr/'MMTVneu+  mice. 

Fig.  1.  Lack  of  Hsfl  in  the  knockout  animals  is  shown  by  PCR. 


Hsfl  -/-  +/-  +/-  -/-  +/- 
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MMTVneu 
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Fig.  2  Knockout  of  Hsfl  blocks  NeuT- 
induced  mammary  duct  and  alveoli 
branching.  WT-MMTVneu+  and  hsfl7' 
MMTVneu+  mice  were  sacrificed  at  3- 
months  of  age  and  their  mammary  gland 
whole  mounts  were  observed  after 
Camoy’s  fixative  and  staining  with 
carmine. 

To  investigate  the  role  of  Hsfl  in  Her2- 
induced  hyperplasia,  mammary  glands 
were  taken  from  3-month  old  virgin 
mice  to  evaluate  duct  branching.  Expression  of  Her2  in  WT-MMTVneu+  mammary  gland  led  to  high 
density  of  ducts  and  extensive  alveoli  branching,  as  reported  previously  (Muller  et  al,  1996). 
Importantly,  hsf17'MMTVneu+  animals  there  was  a  low  duct  density,  and  almost  no  alveoli  branching 
(Fig.  2).  Therefore,  Hsfl  KO  prevented  Her2-induced  tissue  hyperplasia,  possibly  by  aggravating 
senescence,  similar  to  what  we  have  found  recently  with  NeuT-induced  mammary  tumors  in  the 
Hsp72  knockout  mouse  model  (Meng  et  al,  201 1 ). 
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Fig.  3  Emergence  of  NeuT-induced  tumors  in  WT-MMTVneu+ 
(n=16),  heterozygotes  hsfl+/~MMTVneu+  (n=13),  and  hsfl7" 
MMTVneu+  (n=ll)  animals. 

To  address  whether  Hsfl  KO  suppresses  NeuT- 
dependent  tumorigenesis  in  vivo,  we  analyzed  effects  of 
hsfl  knockout  on  NeuT-induced  tumor  development. 
There  was  similar  tumor  incidence  between 
heterozygous  hsf1+/'MMTVneu+  and  WT-MMTVneu+ 
mice  (median  tumor  appearance  in  this  strain  was  about 
55  weeks),  indicating  that  one  copy  of  the  Hsfl  gene  is 
sufficient  to  support  mammary  tumor  emergence  induced 
by  Her2/NeuT  (Fig.  3).  In  contrast,  the  absence  of  Hsfl 
in  homozygous  knockout  animals  markedly  inhibited 
mammary  tumor  development  (Fig.  3).  Indeed,  tumors 


emerged  with  strong  delay,  and  only  three  tumors  of  eleven  animals  appeared.  Therefore,  this  model 


of  Her2-positive  breast  cancer  establishes  that  Hsfl  is  critical  for  tumor  initiation  and  hyperplasia. 


To  understand  how  Hsfl  suppresses  tumor  emergence,  we  investigated  effects  of  Hsfl  knockdown 
on  the  Her2-induced  senescence  in  the  human  mammary  epithelial  cells  MCF10A.  Knockdown  of 

Hsfl  did  not  significantly  affect  growth  or  senescence  of 
these  cells.  Her2  transformed  these  cells.  However, 
expression  of  Her2  in  cells  with  knockdown  of  hsfl  led  to 
growth  arrest  and  senescence,  indicating  that  Hsfl 
depletion  can  precipitate  the  oncogene-induced 
senescence  (Fig.  4). 

Fig.  4.  HER2  triggers  senescence  in  HSF1 -deficient  MCF-10A 
cells,  p-galactosidase  activity  staining  of  MCF-10A  control 
population  (Cont.)  and  shHSFl  MCF-10A  cells  with  (HER2)  or  without  (empty  vector,  EV)  HER2 
overexpression.  Right  panel  shows  quantification  of  data  shown  in  the  left  panel. 
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Task  2 


Hsfl  knockdown  suppresses  tumor  growth  and  angiogenesis 

To  investigate  whether  Hsfl  has  additional  effects  on  later 

WT  ° 

stages  of  tumor  development,  we  measured  growth  rates  of  rare 
tumors  that  emerge  in  hsfl  KO  animals  compared  to  control  mice. 
Indeed,  these  tumors  grew  significantly  slower  than  in  control 
animals  (Fig.  5)  indicating  that  Hsfl  may  be  required  not  only  for 
NeuT-induced  initial  transformation,  but  for  tumor  progression  as 
well. 

0 1 - - -  Fig.  5  NeuT-induced  tumors  in  Hsfl  KO  mice  demonstrate  reduce  growth 

0  S  10  15  20 

Mean  Vessel  Area,  um2 

rate.  The  data  shown  are  means  +/-SEM. 

Since  among  major  factors  limiting  growth  of  solid  tumors  in  vivo  is 
neovascularization,  we  excised  tumors  from  control  and  knockout 
animals,  prepared  slides  and  immunostained  them  with  a  marker  of 


100 
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angiogenesis  (endothelial  cells)  CD31.  We  observed  that  although  the  number  of  blood  vessels  was 
similar  in  wt  and  k/o  animals  (not  shown),  the  mean  vessel  area  in  tumors  from  Hsfl  knockout 
animals  was  almost  twice  as  low  as  in  wild  type  animals  (Fig.  6,7),  indicating  that  the  vessels  were 
underdeveloped. 

Fig.  6  Tumors  in  Hsfl  KO  mice  demonstrate  reduced  angiogenesis.  Tumors  from  WT  and  KO  animals  were 
excised,  fixed,  stained  for 
and  analyzed  for  mean 

Fig.  7  Tumor  tissue 
antibody.  Tumors  from 
animals  are  shown. 

Task  3 

Hsfl  knockdown 

growth  and 

xenograft  model 

Since  in  transgenic  mouse  model  Hsfl  is  lacking  both  in  mammary  tumor  and  surrounding  stroma,  to 
understand  mechanisms  by  which  Hsfl  can  regulate  angiogenesis  we  decided  to  switch  from  NeuT- 
induced  mouse  mammary  tumors  to  a  simpler  system,  i.e.  xenograft  with  human  breast  cancer  cells 
following  Hsfl  knockdown.  In  this  system  Hsfl  can  be  downregulated  specifically  in  human  tumor 

cells  but  remain  expressed  normally  in  surrounding 
mouse  stroma.  As  we  reported  previously,  growth  of 
many  cancer  cell  lines  (e.g.  NeuT-expressing 
MCF10A  cells  or  MDA-MB453)  is  dependent  on 
Hsfl,  since  Hsfl  knockdown  causes  senescence 
due  to  accumulation  of  p21  and  downregulation  of 
the  mitotic  and  anti-apoptotic  protein  survivin  (Meng 
et  al,  2010).  Therefore  these  cell  lines  cannot 
propagate  even  in  vitro  upon  depletion  of  Hsfl,  and, 
accordingly,  effects  of  Hsfl  on  angiogenesis  cannot 
be  studied  in  this  system. 

Fig.  8  Knockdown  of  Hsfl  has  a  little  effect  on  growth  of  MCF7  cells  in  vitro  and  it  does  not  increase  p21  or 
decrease  survivin  levels.  Cells  were  infected  with  shHsfl  retrovirus  and  selected  for  4  days;  their  growth  was 
assessed  by  MTS  assay,  and  expression  of  p21  and  survivin  by  immunoblotting. 

To  avoid  this  problem,  we  screened  several  breast  tumor  cell  lines  and  found  that  Hsfl  knockdown 
does  not  decrease  survivin  levels  and  does  not  increase  p21  levels  in  MCF7  human  breast  carcinoma 
(Fig.  8).  Accordingly,  growth  of  these  cells  in  vitro  was  not  significantly  affected  by  Hsfl  knockdown 
(Fig.  8). 
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Therefore,  we  have  chosen  MCF7  cells  to  assess  effect  of  Hsfl  knockdown  on  tumor  angiogenesis 
and  growth  in  vivo  in  the  xenograft  model.  MCF7  cells  were  infected  with  retroviral  vector  expressing 
shHsfl  as  described  before  and  selected  with  puromycin  for  5  days.  To  avoid  possible  variations  of 

host  factor(s)  which  could  affect  tumor  growth,  control  cells  were 
injected  in  right  flanks  and  shHsfl  knockdown  cells  -  in  left  flanks 
of  the  same  animals  and  their  growth  was  monitored  by  caliper. 
Tumors  emerged  at  the  sites  of  injection  of  both  control  and 
Hsfl -depleted  cells  on  day  9  after  inoculation  (Fig.  9). 
Importantly,  after  tumor  emergence,  tumors  formed  by  control 
MCF7  cells  grew  rapidly,  while  tumors  formed  by  the  Hsfl 
knockdown  ceased  to  grow  soon  after  emergence  (Fig.  9).  The 
strong  inhibitory  effect  of  Hsfl  knockdown  on  growth  of  MCF7 
cells  in  xenografts  was  in  sharp  contrast  with  cell  culture,  where 
Hsfl  knockdown  practically  did  not  affect  the  growth  rate  (Fig.  8). 
We  have  isolated  tumors,  stained  them  for  CD31  as  described 
above,  and  found  that,  similar  to  NeuT-induced  mammary  tumors 
in  Hsfl  KO  mice,  Hsfl  knockdown  markedly  decreased  mean 
vessel  area  in  MCF7  human  breast  cancer  xenografts  (Fig.  10)  (of  note,  there  was  no  significant 
difference  in  the  number  of  vessels).  These  data  indicate  that  the  xenograph  model  recapitulates 
effects  of  Hsfl  seen  in  transgenic  model,  and  suggest  that  control  of  tumor  angiogenesis  may 
represent  an  important  factor  regulated  by  Hsfl . 


Tumor  volume,  mm3 
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Fig.  9  Knockdown  of  Hsfl  blocks  growth  of  MCF7  cells  in  vivo  in  xenografts.  Cells  infected  with  shHsfl 
retrovirus  as  in  A  were  injected  in  nude  mice  (106  cells  per  injection)  and  growth  of  tumors  was  monitored  by 

caliper. 
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Fig.  10  Xenograft  tumors  from  animals  (as  described  in  Fig.  8)  were  excised,  fixed, 
stained  for  CD31  and  analyzed  for  mean  vessel  area  as  in  Fig.  6.  Data  are  means+/-SE. 

Hsfl  controls  expression  of  the  hypoxia-inducible  factor  HIF-1 

Hypoxia-inducible  factor  1  HIF-1  is  considered  to  be  the  major  regulator  of 
tumor  angiogenesis  (Gordan  &  Simon,  2007;  Semenza,  2009),  and  therefore  we 
assessed  its  expression  in  xenografts  formed  by  MCF7  cells  with  Hsfl 
knockdown.  We  found  high  levels  of  HIF-1  in  control  tumors  (which  indicated 
hypoxic  conditions  in  xenografts)  but  in  tumors  with  Hsfl  knockdown  there  were 
much  lower  levels  of  HIF-1  □  (Fig.  11).  Similarly,  in  Hsfl  knockdown 
tumors  we  observed  downregulation  of  HIF-1  target  CAIX  (carbonic 
anhydrase  9)  (Fig.  11).  Accordingly,  Hsfl  appears  to  control 
angiogenesis  in  xenografts  via  regulating  accumulation  of  HIF-1  □. 


Hsfl 

HIF-1 
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actin 


Fig.  11  Knockdown  of  Hsfl  reduces  expression  of  HEF-1  and  its  target  CAIX 
in  xenografts.  Expression  of  HIF-1  and  CAIX  tumor  xenografts  was 
analyzed  for  by  immunoblotting. 


To  elucidate  mechanisms  by  which  Hsfl  regulates  HIF-1  □ 
expression,  we  studied  effects  of  Hsfl  knockdown  on  HIF-1 
expression  in  cell  culture.  Control  and  shHsfl  MCF7  cells  were 
exposed  to  hypoxia  (1  %  oxygen  for  16  hours)  or  hypoxia  mimetic  DFO  (100  pM),  and  levels  of  HIF- 
10  were  monitored  by  immunoblotting.  Knockdown  of  Hsfl  markedly  suppressed  accumulation  of 
HIF-1  in  response  to  these  stimuli  (Fig.  12),  similar  to  suppression  of  HIF-laccumulation  in  xenografts 
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formed  by  shHsfl  MCF7  cells  (Fig.  11).  Importantly,  Hsfl  knockdown  also  strongly  inhibited  secretion 
of  VEGFA,  the  major  growth  factor  responsible  for  neovascularization,  as  well  as  other  targets  of  HIF- 


1  CAIX  and  Glut-1  (Fig.  13,  14). 
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Fig.  12  Knockdown  of  Hsfl  in  MCF7  cells  inhibits  HIF- 
1  accumulation  after  hypoxia  (hyp,  1%  O2,  16hr), 
hypoxia  mimetic  deferoxamine  (100  pM,  4  hr),  or 
proteasome  inhibitor  MG  132  (5  pM,  4  hr).  Cells  were 
infected  with  shHsfl  retrovirus,  and  HIF-1  expression 
was  analyzed  by  immunoblotting.  Hsfl  knockdown  also 
reduces  induction  of  HIF-1  a  targets  CAIX  and  Glut-1  in 
MCF7  cells. 
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Fig.  13  Hsfl  knockdown  reduce  induction  of  HIF-1  a  target  VEGF 
in  MCF7  cells.  Cells  were  infected  with  Hsfl  retrovirus,  treated 
with  DFO  for  48  hr,  and  medium  was  collected  and  analyzed  by 
ELISA  for  VEGFA  by  Quansys  Biosciences. 


MCF10A 


Fig.  14 

Knockdown  of 
Hsfl  inhibits 
accumulation  of 

HIF-1  and  its  targets  in  MCF10A  (left  panel)  and  NeuT- 
infected  MCF10A  cells  (right  panel).  Cells  were  treated 
with  DFO  (100  pM,  4  hr)  or  MG132  (5  pM,  4  hr)  and 
accumulation  of  HIF-1  and  its  targets  CAIX  and  Glut-1  was 
analyzed  by  immunoblotting. 
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To  assess  whether  effect  of  Hsfl  knockdown  on  HIF-1  □  has  a  general  significance,  we  used  other 
breast  cell  lines,  including  normal  untransformed  cells  MCF10A,  NeuT-transformed  MCF10A,  Her2- 
positive  cancer  lines  MB453  and  BT474,  and  triple-negative  Hs578T.  In  all  these  cell  lines  Hsfl 
knockdown  strongly  inhibited  accumulation  of  HIF-1  and  its  targets  CAIX  and  Glutl  in  response  to  the 
hypoxia  mimetic  DFO  (Fig.  15). 
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Fig.  15  Her2-positive  MB453  (left  panel)  and  BT474 
cells  (right  panel)  were  infected  with  Hsfl  retrovirus  as 
in  A,  treated  with  hypoxia  for  16  hr,  or  DFO  (100  pM,  4 
hr),  or  MG132  (5  pM,  4  hr)  and  accumulation  of  HIF-1 
was  analyzed  by 

immunoblotting.  _ 

con  shHSF  con  shHSF 


Fig.  16  Expression  of  the  shRNA-resistant  Hsfl  mutant,  reverses  the 

°  r  -  DFO  -  DFO  -  DFO  -  DFO 

effect  of  shRNA  on  HEF-la.  Hs578T  cells  were  infected  with  retrovirus 
encoding  Hsfl*  or  control  retrovirus,  and  selected.  Then  Hsfl  was 
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actin 


depleted  by  shRNA,  and  HIF-la  expression  was  measured  by  immunoblotting  in  naive  cells  or  following  DFO 
treatments. 

This  phenomenon  was  not  an  off  target  effect  of  Hsfl  knockdown,  since  expression  of  shRNA- 
resistant  mutant  of  Hsfl  (Hsfl*)  prevented  downregulation  of  HIF-1  □□□Therefore,  impairment  of 
angiogenesis  in  NeuT-induced  mammary  tumors  in  hsfl  knockout  animals  can  be  associated  with 
inhibition  of  HIF-1  □□expression  in  tumors.  Of  note,  these  effects  were  not  limited  to  Her2-positive 
breast  cancer  cells,  since  they  were  seen  in  Her2-negative,  ER  positive  MCF7  cells  and  in  triple¬ 
negative  cancer  line  Hs578T  (Fig.  16). 

Translation  factor  HuR  (ELAV1)  mediates  effects  of  Hsfl  on  Hif-1. 

To  Understand  the  mechanisms  of  regulation  of  Hif-1  by  Hsfl,  we  measured  Hif-1  protein  and  mRNA 
levels,  and  their  degradation  rates.  Hsfl  affected  neither  levels  of  Hif-1  mRNA  (Fig.  17A),  nor  rates  of 
Hif-1  protein  degradation  (Fig.  17C).  On  the  other  hand,  we  observed  strong  inhibition  of  Hif-1 
translation  in  Hsfl -depleted  cells,  as  measured  after  short  pulse  of  S35-methionine  followed  by  IP 
(Fig.  17D).  There  is  limited  information  in  the  literature  about  translational  regulation  of  Hif-1.  We 
followed  these  leads  to  test  which  of  them  is  affected  by  Hsfl  depletion.  These  experiments  show  that 
Hsfl  does  not  affect  activity  of  mTOR  pathway,  as  measured  by  phosphorylation  of  S6  and  phospho- 
4E-BP1  (Fig.  17E).  It  also  did  not  affect  phosphorylation  of  elF2a  (Fig.  17F).  Therefore,  we  measured 
effects  of  Hsfl  on  levels  of  miRNA.  Global  miRNA  analysis  by  microarray  indicated  that  a  set  of 
miRNA  are  up-  or  downregulated  by  Hsfl  (Fig.  17G).  Furthermore,  many  of  these  miRNA  are  known 
to  be  regulated  by  hif-1  and  hypoxia,  further  confirming  that  downregulation  of  Hif-1  in  Hsfl -depleted 
cells  has  functional  consequences.  However,  none  of  these  miRNA  have  binding  sites  in  Hif-1  3’- 
UTR,  and  therefore  unlikely  ot  be  responsible  for  the  translational  regulation  of  Hif-1 . 

This  research  further  established  that  Hif-1  regulation  by  hsfl  involves  the  RNA-binding  protein  HuR. 
We  found  that  depletion  of  Hsfl  leads  to  downregulation  of  HuR  bothe  invitro  and  in  the  xenograft 
model  (Fig.  18A,B).  Furthermore,  Depletion  of  HuR  was  sufficient  to  downregulate  Hif-1  (Fig.  18C). 
On  the  other  hand,  overexpression  of  HuR  reverse  effects  of  Hsfl  on  Hif-1  (Fig.  18D),  indicating  that 
Hur  mediates  the  response. 

In  regulation  of  HuR,  Hsfl  depletion  reduced  levels  of  HuR  mRNA, but  not  its  rate  of  decay,  indicating 
that  Hsfl  regulates  transcription  of  HuR  (Fig.  18E,F,G).  Interestingly,  more  recent  publication 
reported  that  HuR  promoter  has  Hsfl -binding  site  (HSE  element),  and  Hsfl  can  bind  to  this  site  in 
certain  cancer  cells  (Mendillo  et  al,  2012).  These  data  suggest  that  effects  of  Hsfl  on  HuR  are  direct. 

Hur  regulates  translation  of  multiple  genes  beside  Hif-1,  including  genes  involved  in  tumor  invasion 
and  metastases.  Indeed,  some  of  these  genes,  e.g.  Hif-2,  SIRT1,  p53,  ClnB,  were  significantly 
downregulated  in  Hsfl -depleted  cells  (Fig.  18H,I,J).  Therefore,  we  have  established  a  novel  pathway 
that  contributes  to  cancer  development  Hsfl-HuR-Hif-1 . 
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FIG.  17.  Effect  of  Hsfl  knockdown  on  various  levels  of  HIF-1  expression.  A.  Effect  of  Hsfl  knockdown  on 
HIFla  mRNA  levels  in  MCF7  or  Hs578T  cells;  DFO  treatment  did  not  change  mRNA  levels  (not  shown).  RT- 
qPCR  was  done  as  described  in  Materials  and  Methods.  B.  shHsfl  suppresses  both  basal  and  DFO  (100  pM,  4 
hr)  or  MG-132  (5  pM,  4  hr)  -induced  levels  of  HIF-1  in  Hs578T  cells.  C.  Knockdown  of  Hsfl  does  not  affect 
stability  of  HIF-1.  Hs578T  or  MCF7  cells  were  treated  with  protein  synthesis  inhibitor  emethine  (10  pM),  in  the 
absence  or  presence  of  DFO  (100  pM)  for  time  intervals  indicated,  and  the  levels  of  HEF-1  were  determined. 
Middle  panel  is  quantification  of  the  left  panel._D.  Hsfl  knockdown  reduces  translation  of  HEF-1  a.  MCF7  cells 
were  labeled  with  35S-methoinine  for  10  min,  and  HIF-1  immunoprecipitated,  run  on  SDS  PAGE,  and  exposed 
to  film.  The  initial  material  was  normalized  by  TCA-precipitable  count  (label  incorporated  into  proteins).  E. 
Hsfl  knockdown  does  not  affect  activity  of  mTOR  pathway.  Activity  of  mTOR  pathway  was  assayed  by 
antibody  to  phosphorylated  (ser235/236)  S6  ribosomal  protein,  (left  panel),  or  phosphorylated  (Ser65)  4E-BP1 
(right  panel).  F.  Hsfl  knockdown  does  not  affect  phosphorylation  of  eIF2a,  assayed  by  antibody  to 
phosphorylated  (Ser51)  eIF2a.  G.  Effect  of  shHsfl  knockdown  on  microRNA  profile  of  Hs578T  cells. 
MicroRNA  was  isolated  and  assayed  by  Miltenyi  Biotec.  MicroRNAs  which  are  downregulated  in  shHsfl  cells 
are  shown  in  green,  and  upregulated  -  in  red.  See  text  for  further  explanation. 
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FIG.  18.  Suppression  of  HEF-1  accumulation  by  shHsfl  is  associated  with  HuR  downregulation. 

A.  Hsfl  knockdown  decreases  HuR,  but  not  PTBP1  levels  in  Hs578T  (left  panel)  and  MCF7  cells  (right  panel). 

B.  Hsfl  knockdown  decreases  HuR,  but  not  PTBP1  levels  in  MCF7  xenografts  (see  Fig.  3B-D).  C.  Knockdown 
of  HuR  suppresses  HIF-1  accumulation  in  Hs578T  (left  panel)  and  MCF7  cells  (right  panel).  Cells  were 
infected  with  shHuR  retrovirus,  selected  and  treated  with  DFO  (100  pM)  or  MG- 132  (5  pM)  for  4  hr.  D.  HuR 
overexpression  prevents  inhibition  of  HIF-1  accumulation  by  Hsfl  knockdown.  Hs578T  and  MCF7  cells  were 
first  infected  with  HuR  retrovirus,  and  selected.  HuR-expressing  cells  were  infected  with  shHsfl  retrovirus  as 
described  in  Materials  and  Methods,  and  treated  with  100  pM  of  DFO  for  4  hr.  E.  Hsfl  knockdown  leads  to 
reduction  of  HuR  mRNA  levels  in  Hs579T  and  MCF7  cells.  F.  Hsfl  knockdown  does  not  affect  stability  of 
HuR  mRNA.  Levels  of  HuR  mRNA  were  measured  by  qRT-PCR  after  inhibition  of  transcription  by 
Actinomycin  at  the  indicated  time  points.  G.  Levels  of  HuR  mRNA  and  protein  were  assessed  in  liver  of  control 
and  hsfl  KO  mice.  H,  I,  J.  Hs578T  and  MCF7  cells  were  infected  with  shHsfl  retrovirus  as  in  Fig.  4 A,  5B, 
treated  with  DFO  (100  pM),  or  MG-132  (5  pM)  for  4  hr,  and  the  levels  of  HIF-2a  (H),  Sirtl  (I),  p53  (mutant) 
(J),  or  cyclin  B  (J)  were  assayed  by  immunoblotting. 

Our  further  investigations  revealed  that  Hsfl-HuR-Sirtl  pathway  forms  a  positive  feedback  loop, 
which  enhances  chronic  inflammation  and  plays  an  important  role  in  maintenance  of  senescence 
(Kim  etal,  2012). 

Task  4. 

To  test  whether  NZ28  inhibits  tumor  angiogenesis  in  xenografts  of  Her2 -expressing  MCF10A  cells. 

In  accordance  to  the  task,  we  have  established  tumor  xenografts  with  Her2-expressing  MCF10A  cells.  When 
tumor  volumes  reached  about  150mm3,  50mg/kg  NZ28  was  administered  daily  by  IP  injections  with  water 
solution  over  7  days.  As  controls  we  used  bolus-injected  animals.  On  day  8  mice  were  sacrificed,  and  tumors 
collected  and  frozen.  Expression  of  Hifl,  Glutl,  carbonic  anhydrase  IX,  angiogenesis  and  necrosis  were 
monitored. 

NZ28  had  relatively  minor  effect  on  the  tumor  growth,  reducing  it  by  less  than  30%.  Under  these  conditions,  we 
did  not  detect  significant  effects  on  tumor  vasculature,  and  expression  of  Hifl.  These  small  effects  were 
probably  due  to  the  rapid  metabolism  of  NZ28.  In  light  of  these  data,  we  decided  not  to  proceed  to  Task  5, 
since  it  was  dependent  on  the  success  of  Task  4. 

Key  Research  Accomplishments: 

•  Demonstrated  that  Hsfl  knockout  inhibits  Her2/NeuT-induced  hyperplasia  of  mammary  tissue. 

•  Demonstrated  that  Hsfl  knockout  inhibits  Her2/NeuT-induced  tumor  emergence. 

•  Demonstrated  that  Hsfl  knockout  inhibits  growth  of  Her2/NeuT-induced  tumors. 

•  Demonstrated  that  Hsfl  knockout  inhibits  angiogenesis  in  Her2/NeuT-induced  tumors. 

•  Developed  a  xenograft  model  that  recapitulates  effects  of  hsfl  on  tumor  growth. 

•  Demonstrated  that  in  this  xenograph  model  Hsfl  controls  angiogenesis. 

•  Demonstrated  that  Hsfl  controls  the  angiogenesis  transcription  factor  HIF-1  and  its  targets  in 
xenografts  and  culture  of  breast  cancer  cells. 

•  Demonstrated  that  Hsfl  regulates  Hif-1  at  the  level  of  translation. 

•  Demonstrated  that  the  translational  regulator  RNA  binding  protein  HuR  mediates  effects  of 
Hsfl  on  Hif-1. 

•  Demonstrated  that  via  HuR  Hsfl  regulates  a  wide  range  of  pathways  that  facilitate 
tumorigenesis,  including  invasion  and  metastases. 
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•  Established  a  positive  feedback  loop  Hsfl-HuR-Sirtl  that  is  responsible  for  the  maintenance 
of  senescence  and  chronic  inflammation. 

Reportable  outcomes: 

Two  papers  have  been  published: 

1 .  Gabai  VL,  Meng  L,  Kim  G,  Mills  TA,  Benjamin  I J,  Sherman  MY  (2012)  Heat  shock  transcription 
factor  Hsfl  is  involved  in  tumor  progression  via  regulation  of  hypoxia-inducible  factor  1  and 
RNA-binding  protein  HuR.  Mol  Cell  Biol 32(5):  929-940 

2.  Kim  G,  Meriin  AB,  Gabai  VL,  Christians  E,  Benjamin  I,  Wilson  A,  Wolozin  B,  Sherman  MY 
(2012)  The  heat  shock  transcription  factor  Hsfl  is  downregulated  in  DNA  damage-associated 
senescence,  contributing  to  the  maintenance  of  senescence  phenotype.  Aging  Cell  11(4):  617- 
627 

An  application  for  the  Idea  Expansion  Award  based  on  results  of  this  Idea  Award  has  been  submitted. 

List  of  Personnel  Who  Received  Pay  from  the  Research  Effort: 

Michael  Sherman,  Ph.D.  -  Principal  Investigator 
Vladimir  Gabai,  Ph.D.  -  Faculty 
Le  Meng  -  Graduate  Student 
Teresa  Mills  -  Graduate  Student 

Conclusion: 

This  study  demonstrates  that  Hsfl  controls  development  of  Her2-positive  cancer  both  at  the  stage  of 
initiation,  via  control  of  the  oncogene-induced  senescence,  and  progression,  via  regulation  of  tumor 
angiogenesis.  It  also  dissects  the  mechanism  of  effects  of  Hsfl  on  tumor  angiogenesis,  and 
demonstrates  that  Hsfl  regulates  expression  of  the  major  angiogenesis  factor  HIF-1 ,  and  this 
regulation  involves  the  translation  regulator  HuR.  This  program  provides  rationale  for  development  of 
Hsfl  inhibitors  that  can  inhibit  multiple  pathways  in  tumor  initiation  and  progression.  It  also 
establishes  a  simple  xenograft  model  that  can  be  used  for  anti-Hsfldrug  testing. 
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Heat  Shock  Transcription  Factor  Hsfl  Is  Involved  in  Tumor 
Progression  via  Regulation  of  Hypoxia-Inducible  Factor  1  and 
RNA-Binding  Protein  HuR 

Vladimir  L.  Gabai,3  Le  Meng,a  Geunwon  Kim,a  Teresa  A.  Mills/1  Ivor  J.  Benjamin,13  and  Michael  Y.  Sherman3 

Department  of  Biochemistry,  Boston  University  Medical  School,  Boston,  Massachusetts,  USA,3  and  Center  for  Cardiovascular  Translational  Biomedicine,  Division  of 
Cardiology,  Department  of  Internal  Medicine,  Department  of  Biochemistry,  University  of  Utah,  School  of  Medicine,  Salt  Lake  City,  Utah,  USAb 

Previously  we  demonstrated  that  the  heat  shock  transcription  factor  Hsfl  is  indispensable  for  transformation  of  mammary  epi¬ 
thelial  cells  by  the  Her2  oncogene.  Since  Hsfl  affects  oncogene-induced  senescence  (OIS),  these  findings  suggest  that  Hsfl  affects 
tumor  initiation  when  OIS  plays  a  role.  Indeed,  here  we  report  that  Hsfl  knockout  suppressed  mammary  hyperplasia  in  Her2- 
expressing  mice  and  reduced  tumor  emergence.  On  the  other  hand,  Hsfl  expression  increases  with  advanced  breast  cancer,  indi¬ 
cating  that  there  is  an  additional  role  of  Hsfl  in  tumor  progression.  We  studied  rare  tumors  that  developed  in  Hsfl-knockout 
mice  and  found  that  these  tumors  grew  slower  than  tumors  in  control  animals  and  showed  suppressed  angiogenesis.  Similarly, 
in  the  xenograft  model,  knockdown  of  Hsfl  suppressed  angiogenesis,  which  was  associated  with  suppression  of  the  HIF-1  path¬ 
way.  Suppression  of  HIF-1  was  at  the  level  of  translation  due  to  downregulation  of  the  RNA-binding  protein  HuR.  Importantly, 
besides  HIF-1,  HuR  controls  translation  of  other  major  regulators  of  cancer  progression,  many  of  which  were  suppressed  in 
Hsfl -knockdown  cells.  Therefore,  in  addition  to  OIS,  Hsfl  regulates  the  HuR-HIF-1  pathway,  thus  affecting  both  cancer  initia¬ 
tion  and  progression. 


The  heat  shock  transcription  factor  1  (Hsfl)  is  the  major  regu¬ 
lator  of  the  heat  shock  response  (33)  that  is  involved  in  pro¬ 
tection  of  cells  and  organisms  from  heat,  ischemia,  inflammation, 
oxidative  stress,  and  some  other  noxious  conditions.  Among  pro¬ 
teins  activated  by  Hsfl,  the  major  defensive  function  is  attributed 
to  heat  shock  proteins  (Hsps)  such  as  Hsp70,  Hsp90,  and  Hsp27, 
though  besides  Hsps,  Hsfl  regulates  hundreds  of  other  targets 
(32).  Initially,  Hsps  were  described  as  molecular  chaperones  that 
prevent  and  repair  protein  damage,  but  later  it  became  clear  that 
their  functions  go  beyond  protein  folding  or  degradation,  since 
Hsps  also  play  a  distinct  and  essential  role  in  cell  signaling,  for 
example,  in  suppression  of  apoptotic  pathways  or  mitogen- 
activated  protein  (MAP)  signaling  cascades  (4,  15). 

Numerous  studies  indicate  that  Hsfl  and  Hsps  are  overex- 
pressed  in  a  variety  of  human  tumors  (11).  Furthermore,  it  was 
recently  demonstrated  that  Hsfl  is  critical  for  tumorigenesis  by 
certain  oncogenes.  Indeed,  it  was  demonstrated  that  Hsfl  knock¬ 
out  (KO)  suppresses  lymphoma  development  in  p53 -knockout 
mice  (30).  Furthermore,  hsfl  knockout  dramatically  delayed  over¬ 
all  development  of  tumors  and  increased  survival  ofp53-knock-in 
mutant  (R172H)  mice  (13).  Similarly,  Hsfl  deficiency  drastically 
postponed  RAS-induced  chemical  skin  carcinogenesis  and  in¬ 
creased  survival  of  mice  from  30%  to  90%  (13). 

We  have  recently  demonstrated  that  the  major  Hsfl  target 
Hsp72  (HSPA1,  or  inducible  Hsp70)  plays  an  essential  role  in 
Her2  (NeuT) -induced  tumorigenesis  in  mice  (29).  This  mouse 
tumor  model  is  widely  used  to  study  mechanisms  of  human  breast 
cancer  since  it  recapitulates  initiation  and  progression  of  Her2- 
positive  breast  cancer,  occurring  in  15  to  25%  of  patients.  Inter¬ 
estingly,  activation  of  Her2  signaling  by  heregulin  or  Her2  over¬ 
expression  can  activate  Hsfl  (22,  28). 

Importantly,  Hsfl  and  Hsp72  are  essential  not  only  for  initial 
transformation  but  also  for  maintaining  viability  and  growth  of  a 
variety  of  fully  transformed  cells  (13,  28,  29).  On  the  other  hand, 


Hsfl  and  Hsp72  are  dispensable  for  viability  and  growth  of  non- 
transformed  human  cells  and  whole  animals  (13,  20,  28,  29).  The 
specific  dependence  of  cancer  cells  on  Hsfl  and  chaperones  was 
named  “nononcogene  addiction”  (35). 

In  searching  for  the  mechanism  of  tumor  addiction  to  Hsfl 
and  Hsp72,  we  have  found  that  Hsfl  and  Hsp72  play  an  important 
role  in  evasion  of  oncogene-induced  senescence  (OIS)  (16,  28, 
29),  which  is  critical  for  early  stages  of  neoplastic  transformation. 
Cellular  senescence  was  originally  described  as  a  limit  to  the  num¬ 
ber  of  divisions  that  a  normal  cell  can  undergo.  Senescence  can  be 
triggered  by  telomere  shortening  or  stressful  treatments  and  is 
associated  with  activation  of  p53  and  accumulation  of  the  cell 
cycle  inhibitors  p21  and/or  pl6  (5).  Although  tumor  cells  are  im¬ 
mortal  and  divide  indefinitely,  they  often  retain  functional  senes¬ 
cence  programs  and  can  become  senescent  in  response  to  various 
DNA- damaging  drugs  and  radiation  (9),  which  is  especially  rele¬ 
vant  to  solid  tumors  of  epithelial  origin.  Importantly,  cell  senes¬ 
cence  can  be  triggered  upon  activation  of  oncogenes,  e.g.,  Ras  or 
Raf  (6,  26),  which  was  observed  in  various  systems,  including  hu¬ 
man  precancerous  tissues.  Therefore,  a  novel  concept  has 
emerged  that  oncogene-induced  senescence  (OIS)  represents  the 
major  block  on  the  path  toward  the  neoplastic  transformation, 
and  cells  in  emerging  tumors  must  acquire  adaptations/mutations 
that  allow  the  senescence  bypass  (8).  We  have  found  that  Hsfl  and 
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Hsp72  are  critically  involved  in  prevention  of  the  oncogene- 
induced  senescence  caused  by  PIK3CA,  Ras,  and  Her2  oncogenes. 
These  effects  were  associated  with  suppression  of  accumulation  of 
p21  and  decrease  in  survivin  levels  (16,  28,  29). 

The  finding  of  the  role  of  Hsfl  and  Hsp72  in  OIS  suggests  that 
these  factors  control  early  stages  of  tumorigenesis.  This  idea  is  in 
line  with  our  data  with  Hsp 72-knockout  mice,  which  show  dra¬ 
matic  suppression  of  early  hyperplasia  induced  by  the  Her2  onco¬ 
gene  and  development  of  senescence  of  epithelial  cells  in  ducts 
(29).  On  the  other  hand,  there  are  multiple  reports  that  expression 
levels  of  Hsfl  and  Hsp72  closely  correlate  with  tumor  grade,  sug¬ 
gesting  that  these  proteins  could  also  be  involved  in  later  stages  of 
tumor  progression,  including  invasion  and  metastasis  (see  refer¬ 
ence  1 1  for  a  review). 

Here  we  addressed  the  possibility  of  involvement  of  Hsfl  in 
later  stages  of  tumor  progression  by  investigating  why  rare  tumors 
that  emerge  in  Her2- expressing  Hsfl  -knockout  animals  grow 
slower  than  tumors  in  control  mice.  We  found  that  Hsfl  plays  an 
additional  important  function  in  tumorigenesis  by  affecting 
hypoxia- inducible  factor  1  (HIF-1) -dependent  angiogenesis. 
HIF-1  is  a  master  regulator  not  only  of  genes  that  control  tumor 
neovascularization  but  also  of  those  that  control  glycolysis,  pH 
regulation,  invasion,  and  metastasis  (18,  34). 

Here,  we  found  that  Hsfl  controls  HIF-1  via  the  mRNA- 
binding  protein  HuR,  which  in  turn  controls  an  even  wider  set  of 
cancer- related  genes,  including  genes  that  regulate  cell  cycle, 
apoptosis,  invasion,  and  angiogenesis.  Therefore,  besides  being 
necessary  for  tumor  initiation  by  blocking  oncogene -induced  se¬ 
nescence,  Hsfl  also  plays  a  critical  role  in  tumor  progression  by 
regulating  multiple  genes  controlled  by  HIF-1  and  HuR. 

MATERIALS  AND  METHODS 

Animals.  Animal  maintenance  and  experiments  were  conducted  in  com¬ 
pliance  with  IACUC  guidelines.  MMTVneu+/+  mice  (FVB/N;  Jackson 
Laboratory)  were  crossed  with  wild-type  (WT)  mice  or  hsfl-/~  mice 
(129/BALB)  (27,  36)  to  generate  WT-MMTVneu+/-,  hsfl+/- 

MMTVneu+/_,  and  hsfl MMTVneu+/_  mice.  Mice  were  sacrificed  at 
3  months  of  age  to  study  mammary  gland  hyperplasia  or  kept  to  monitor 
tumor  development. 

Xenografts.  For  establishing  tumor  xenografts,  MCF7  cells  were 
trypsinized  and  mixed  at  a  1:1  ratio  with  Matrigel,  and  1  million  cells  were 
injected  subcutaneously  into  either  left  (control)  or  right  (shHsfl  - 
knockdown)  flanks  of  6-week-old  female  NCR  nude  mice  (Taconic).  Tu¬ 
mor  growth  was  monitored  weekly  using  caliper  and  calculated  according 
to  the  formula  L  X  W2  X  77/6,  where  L  is  length  and  W  is  width. 

Angiogenesis.  Tumors  were  removed  from  animals  when  they 
reached  approximately  1  cm3  in  WT  mice  or  control  xenografts;  corre¬ 
sponding  tumors  in  knockout  (KO)  animals  or  shHsfl  xenografts  were 
smaller.  Tumors  were  fixed  with  formalin,  and  CD3 1  staining  and  analysis 
were  performed  by  Premier  Lab  using  Aperio  ImageScope  software. 

Cell  cultures  and  reagents.  MCF 1 OA  cells  were  cultured  in  Dulbecco’s 
modified  Eagle’s  medium  (DMEM)-F-12  medium  supplemented  with 
5%  horse  serum,  20  ng/ml  epidermal  growth  factor  (EGF),  0.5  /xg/ml 
hydrocortisone,  10  /xg/ml  human  insulin,  and  100  ng/ml  cholera  toxin. 
HEK293T  cells  were  from  ATCC  and  were  cultivated  in  DMEM  supple¬ 
mented  with  10%  heat-inactivated  fetal  bovine  serum  (FBS).  MDA- 
MB453  cells  were  cultured  in  Leibovitz’s  L-15  medium  with  10%  FBS. 
Other  cell  lines  were  grown  in  DMEM  with  10%  FBS.  All  media  contained 
penicillin  and  streptomycin  (500  units  per  ml). 

Retroviral  vectors  and  infection.  RNAi-Ready  pSIREN-RetroQ  vec¬ 
tor  from  the  BD  Biosciences  retroviral  delivery  system  was  used  for  knock¬ 
down  of  HSFl.  The  sequence  of  the  human  HSF1  gene  was  selected  as 
reported  before  ( 5 '  -T  AT GGACT CC AACCT GGAT AA- 3 ' )  (37).  shHuR 


lentivirus  was  purchased  from  Open  Biosystems  (Huntsville,  AL).  For 
HuR  overexpression,  HuR  lentiviral  open  reading  frames  (ORFs)  were 
purchased  from  Open  Biosystems  and  HuR  sequence  was  cloned  by  PCR 
and  inserted  into  pQCXIN  vector  (BD  Biosciences)  at  Agel  and  PacI  sites. 

Retroviruses  were  produced  as  reported  before  (16).  Briefly, 
HEK293T  cells  were  cotransfected  with  plasmids  expressing  retroviral 
proteins  Gag-Pol,  vesicular  stomatitis  virus  glycoprotein  (VSV-G)  pseu¬ 
dotype,  and  enhanced  green  fluorescent  protein  (EGFP)  or  our  constructs 
using  Lipofectamine  2000  (Invitrogen).  Lentiviruses  were  produced  by 
transfection  of  293T  cells  with  plasmids  psPAX2,  pMD2.G,  and  our  con¬ 
structs.  Forty-eight  hours  after  transfection,  supernatants  containing  the 
retroviral  particles  were  collected  and  frozen  at  —  80°C  until  use.  Cells 
were  infected  with  diluted  supernatant  in  the  presence  of  10  /xg/ml  Poly- 
brene  overnight  and  were  selected  with  puromycin  (0.75  /xg/ml)  48  h  after 
infection.  Retroviral  or  lentiviral  vectors  expressing  EGFP  were  used  as  an 
infection  efficiency  indicator:  usually  —90%  of  cells  were  fluorescent  2 
days  after  infection. 

qRT-PCR.  For  total  RNA  preparation  and  quantitative  real-time  PCR 
(qRT-PCR),  tissues  from  mice  were  harvested  and  preserved  in  RNAlater 
reagent  (Qiagen).  Total  RNAs  from  tissues  or  cells  were  isolated  using  the 
RNeasy  minikit  (Qiagen)  and  reverse  transcribed  with  the  RetroScript  kit 
(Ambion),  according  to  the  manufacturer’s  instructions.  qRT-PCR  was 
performed  using  SYBR  green  Rox  Master  Mix  (Qiagen). 

Primer  sequences  used  in  qRT-PCR  are  as  follows:  human  HuR,  For, 
5 '  -CAGGAAACGCCTCCTCCGGC-3 ',  and  Rev,  5'-ACGGCACCAAAC 
GGCCCAAA-3';  human  glyceraldehyde-3-phosphate  dehydrogenase 
(GAPDH),  For,  5 '  -GGCCTCCAAGGAGTAAGACC-3 ' ,  and  Rev,  5' -AG 
GGGAGAGATTCAGTGTGGTG-3';  mouse  HuR,  For,  5'-GGATGACAT 
TGGGAGAACGAAT-3',  and  Rev,  5'-TGTCCTGCTACTTTATCCCGA 
A-3';  mouse  GAPDH,  For,  5 ' -AAATTCAACGGCACAGTCAAGG-3 ', 
and  Rev,  5 ' -GCCTCACCCCATTTGATGTTAGT-3 ' ;  human  HIF-1, 5'-A 
AAAGAGGTGGATATGTCTGGGTT,  and  Rev,  5'-TGCTGAATAATAC 
CACTCACAACGT. 

mRNA  stability  study.  HuR  mRNA  half-life  (t1/2)  was  measured  in 
control  (CT)  and  Hsfl -depleted  (shHsfl)  cells  by  incubation  with  5 
/xg/ml  of  actinomycin  D  and  collection  of  RNA  after  1.5  h  and  3  h.  HuR 
and  GAPDH  mRNAs  were  measured  by  qRT-PCR  and  normalized  by 
GAPDH  mRNA.  Data  are  represented  as  percentages  of  HuR  mRNA  mea¬ 
sured  at  time  zero  (prior  to  adding  actinomycin  D),  on  a  semilogarithmic 
scale. 

Immunoblotting  and  translation  analysis.  Cells  were  washed  twice 
with  phosphate-buffered  saline  (PBS)  and  lysed  in  lysis  buffer  (40  mM 
HEPES,  pH  7.5,  50  mM  KC1,  1%  Triton  X-100,  1  mM  Na3V04,  50  mM 
glycerophosphate,  50  mM  NaF,  5  mM  EDTA,  5  mM  EGTA,  1  mM  phen- 
ylmethylsulfonyl  fluoride,  1  mM  benzamidine,  and  5  /xg/ml  each  leupep- 
tin,  pepstatin  A,  and  aprotinin).  Mouse  tissues  or  xenografted  tumor  was 
snap-frozen  in  liquid  nitrogen  and  then  homogenized  in  the  same  buffer 
and  centrifuged  for  5  min  at  1,000  X  g,  and  supernatants  were  collected. 
Protein  concentration  of  the  lysates  was  measured  with  the  Bio-Rad  pro¬ 
tein  assay  reagent,  after  which  they  were  diluted  with  lysis  buffer  to  achieve 
equal  protein  concentrations.  For  measuring  HIF-1  a  translation,  MCF7 
cells  were  labeled  in  35-mm  plates  with  EasyTag  [35S]  methionine  (Perkin- 
Elmer)  in  methionine-free  medium  for  10  min.  Lysates  were  prepared, 
and  HIF-1  a  was  immunoprecipitated. 

Antibodies  used  for  this  study  were  anti-pS6,  anti-p4E-BPl,  p-eIF2a, 
and  anti-Sirtl  from  Cell  Signaling;  anti-HIF-la,  anti-p21,  and  anti-cyclin 
B  from  BD  PharMingen;  anti-HuR,  anti-p53,  and  antisurvivin  from  Santa 
Cruz;  anti-HSFl  from  Stressgen;  anti-HIF-2o:,  anti-CA9,  and  anti-Glut-1 
from  Novus  Biolab;  anti-PTBPl  from  BioLegend;  and  anti-/3-actin  from 
Sigma. 

RESULTS 

Hsfl  knockout  suppresses  Her2-induced  hyperplasia  and  tu¬ 
mor  development.  We  have  previously  found  that  knockdown  of 
Hsfl  in  MCF10A  human  mammary  epithelial  cells  prevents  neo- 
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A  MMTVneu 


WT 


MMTVneu 
Hsfl  KO 
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Hsfl  -/-  +/-  +/-  -/-  +/- 


FIG  1  Knockout  of  Hsfl  blocks  NeuT-induced  mammary  duct  and  alveolar  branching  and  delays  tumor  emergence.  (A)  WT -MMTVneu+  and  hsfl~f~ 
MMTVneu+  mice  were  sacrificed  at  3  months  of  age,  and  whole  mounts  of  their  mammary  glands  were  observed  after  application  of  Carnoy’s  fixative  and 
staining  with  carmine.  (B)  Emergence  of  NeuT-induced  tumors  in  WT -MMTVneu+  ( n  =  16),  heterozygous  hsfl+/~  MMTVneu+  ( n  =  13),  and  hsfl~'~ 
MMTVneu+  (n  =  11)  animals.  Lack  of  Hsfl  in  the  knockout  animals  is  shown  by  PCR. 


plastic  transformation  by  the  Her2  oncogene.  Indeed,  while  ex¬ 
pression  of  Her2  in  control  MCF10A  cells  facilitated  focus  forma¬ 
tion  in  culture  and  tumor  appearance  in  nude  mice,  expression  of 
this  oncogene  in  Hsfl  knockdown  MCF10A  cells  led  to  growth 
arrest  and  OIS,  and  tumors  could  not  form  in  nude  mice  (28).  To 
further  dissect  where  in  the  tumorigenic  process  Hsfl  exerts  its 
activity,  here  we  used  the  transgenic  animal  model.  Accordingly, 
we  crossed  Hsfl  -knockout  animals  with  mice  expressing  Her2/ 
NeuT  (a  rodent  homolog  of  Her2  carrying  an  activating  muta¬ 
tion)  under  the  control  of  the  mouse  mammary  tumor  virus 
(MMTV)  promoter  (MMTVneu)  (19)  to  generate  WT- 
MMTVneu+ ,  hsfl+/~  MMTVneu+,  and  hsfH'~  MMTVneu+ 
mice.  Because  of  the  mixed  background,  in  the  experiments  with 
transgenic  animals  we  used  WT  littermates  as  controls  for  the 
knockouts. 

To  investigate  the  role  of  Hsfl  in  Her2 -induced  hyperplasia, 
mammary  glands  were  taken  from  3 -month-old  virgin  mice  to 
evaluate  duct  branching.  Expression  of  Her2  in  WT -MMTVneu+ 


mammary  gland  led  to  high  density  of  ducts  and  extensive  alveolar 
branching,  as  reported  previously  (31).  Importantly,  in  hsfH'~ 
MMTVneu+  animals  there  was  a  low  duct  density  and  almost  no 
alveolar  branching  (Fig.  1A).  Therefore,  Hsfl  KO  prevented  Her2- 
induced  tissue  hyperplasia,  possibly  by  aggravating  senescence, 
similar  to  what  we  have  found  recently  with  NeuT-induced  mam¬ 
mary  tumors  in  the  Hsp72-knockout  mouse  model  (29). 

To  address  whether  Hsfl  KO  suppresses  NeuT -dependent  tu- 
morigenesis  in  vivo ,  we  analyzed  effects  of  Hsfl  knockout  on 
NeuT-induced  tumor  development.  Tumor  incidences  were  sim¬ 
ilar  between  heterozygous  hsfl+/~  MMTVneu+  and  WT- 
MMTVneu+  mice  (median  tumor  appearance  in  this  strain  was 
about  55  weeks),  indicating  that  one  copy  of  the  Hsfl  gene  is 
sufficient  to  support  mammary  tumor  emergence  induced  by 
Her2/NeuT  (Fig.  IB).  In  contrast,  the  absence  of  Hsfl  in  homozy¬ 
gous  knockout  animals  markedly  inhibited  mammary  tumor  de¬ 
velopment  (Fig.  IB).  Indeed,  tumor  emergence  was  strongly  de¬ 
layed,  and  only  three  tumors  of  11  animals  appeared  (Fig.  IB). 
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Therefore,  this  model  of  Her2 -positive  breast  cancer  establishes 
that  Hsfl  is  critical  for  tumor  initiation  and  hyperplasia. 

Hsfl  knockdown  suppresses  tumor  growth  and  angiogene¬ 
sis.  To  investigate  whether  Hsfl  has  additional  effects  on  later 
stages  of  tumor  development,  we  measured  growth  rates  of  rare 
tumors  that  emerge  in  Hsfl-KO  animals  compared  to  control 
mice.  Indeed,  these  tumors  grew  significantly  slower  than  in  con¬ 
trol  animals  (Fig.  2A),  indicating  that  Hsfl  may  be  required  not 
only  for  NeuT-induced  initial  transformation  but  for  tumor  pro¬ 
gression  as  well. 

Since  among  the  major  factors  limiting  growth  of  solid  tumors 
in  vivo  is  neovascularization,  we  excised  tumors  from  control  and 
knockout  animals,  prepared  slides,  and  immunostained  them 
with  a  marker  of  angiogenesis  (endothelial  cells),  CD31.  We  ob¬ 
served  that  although  the  numbers  of  blood  vessels  were  similar  in 
WT  and  KO  animals  (not  shown),  the  mean  vessel  area  in  tumors 
from  Hsfl -knockout  animals  was  almost  twice  as  small  as  in  wild- 
type  animals  (Fig.  2B  and  C),  indicating  that  the  vessels  were  un¬ 
derdeveloped.  These  data  were  in  line  with  microarray  data  depos¬ 
ited  in  Oncomine,  a  human  cancer  gene  array  database  (www 
.oncomine.org),  where  elevated  levels  of  Hsfl  in  human  breast 
cancer  correlated  with  grade,  metastasis,  and  poor  prognosis  (Fig. 
2D),  also  suggesting  that  Hsfl  is  involved  in  tumor  progression. 

Since  in  the  transgenic  mouse  model  Hsfl  is  lacking  both  in 
mammary  tumor  and  in  surrounding  stroma,  to  understand 
mechanisms  by  which  Hsfl  can  regulate  angiogenesis,  we  decided 
to  switch  from  NeuT-induced  mouse  mammary  tumors  to  a  sim¬ 
pler  system,  i.e.,  xenograft  with  human  breast  cancer  cells  follow¬ 
ing  Hsfl  knockdown.  In  this  system,  Hsfl  can  be  downregulated 
specifically  in  human  tumor  cells  but  remain  expressed  normally 
in  surrounding  mouse  stroma.  As  we  reported  previously,  growth 
of  many  cancer  cell  lines  (e.g.,  NeuT- expressing  MCF10A  cells  or 
MDA-MB453  cells)  is  dependent  on  Hsfl,  since  Hsfl  knockdown 
causes  senescence  due  to  accumulation  of  p2 1  and  downregula- 
tion  of  the  mitotic  and  antiapoptotic  protein  survivin  (28).  There¬ 
fore,  these  cell  lines  cannot  propagate  even  in  vitro  upon  depletion 
of  Hsfl,  and  accordingly,  effects  of  Hsfl  on  angiogenesis  cannot  be 
studied  in  this  system.  To  avoid  this  problem,  we  screened  several 
breast  tumor  cell  lines  and  found  that  Hsfl  knockdown  does  not 
decrease  survivin  levels  and  does  not  increase  p21  levels  in  MCF7 
human  breast  carcinoma  (Fig.  3A).  Accordingly,  growth  of  these 
cells  in  vitro  was  not  significantly  affected  by  Hsfl  knockdown 
(Fig.  3A). 

Therefore,  we  have  chosen  MCF7  cells  to  assess  the  effect  of 
Hsfl  knockdown  on  tumor  angiogenesis  and  growth  in  vivo  in  the 
xenograft  model.  MCF7  cells  were  infected  with  retroviral  vector 
expressing  shHsfl  as  described  before  and  selected  with  puromy- 
cin  for  5  days.  To  avoid  possible  variations  of  host  factor(s)  which 
could  affect  tumor  growth,  control  cells  were  injected  in  right 
flanks  and  shHsfl -knockdown  cells  were  injected  in  left  flanks  of 
the  same  animals  and  their  growth  was  monitored  by  caliper.  Tu¬ 
mors  emerged  at  the  sites  of  injection  of  both  control  and  Hsfl- 
depleted  cells  on  day  9  after  inoculation  (Fig.  3B).  Importantly, 
after  tumor  emergence,  tumors  formed  by  control  MCF7  cells 
grew  rapidly,  while  tumors  formed  by  the  Hsfl  knockdown  ceased 
to  grow  soon  after  emergence  (Fig.  3B).  The  strong  inhibitory 
effect  of  Hsfl  knockdown  on  growth  of  MCF7  cells  in  xenografts 
was  in  sharp  contrast  with  cell  culture,  where  Hsfl  knockdown 
practically  did  not  affect  the  growth  rate  (Fig.  3A).  We  have  iso¬ 
lated  tumors,  stained  them  for  CD31  as  described  above,  and 


found  that,  similar  to  NeuT-induced  mammary  tumors  in 
Hsfl-KO  mice,  Hsfl  knockdown  markedly  decreased  mean  vessel 
area  in  MCF7  human  breast  cancer  xenografts  (Fig.  3C)  (of  note, 
there  was  no  significant  difference  in  the  number  of  vessels).  These 
data  indicate  that  the  xenograft  model  recapitulates  effects  of  Hsfl 
seen  in  the  transgenic  model  and  suggest  that  control  of  tumor 
angiogenesis  may  represent  an  important  factor  regulated  by 
Hsfl. 

Hsfl  controls  expression  of  HIF-1.  Hypoxia-inducible  factor 
1  (HIF-1)  is  considered  to  be  the  major  regulator  of  tumor  angio¬ 
genesis  (18,  34),  and  therefore,  we  assessed  its  expression  in  xeno¬ 
grafts  formed  by  MCF7  cells  with  Hsfl  knockdown.  We  found 
high  levels  of  HIF-1  n  in  control  tumors  (which  indicated  hypoxic 
conditions  in  xenografts),  but  in  tumors  with  Hsfl  knockdown, 
there  were  much  lower  levels  of  HIF-ln  (Fig.  3D).  Similarly,  in 
Hsfl  knockdown  tumors  we  observed  downregulation  of  HIF-1  n 
target  CAIX  (carbonic  anhydrase  9)  (Fig.  3D).  Accordingly,  Hsfl 
appears  to  control  angiogenesis  in  xenografts  via  regulating  accu¬ 
mulation  of  HIF-1  a. 

To  elucidate  mechanisms  by  which  Hsfl  regulates  HIF-1  a  ex¬ 
pression,  we  studied  effects  of  Hsfl  knockdown  on  HIF-1  a  ex¬ 
pression  in  cell  culture.  Control  and  shHsfl  MCF7  cells  were 
exposed  to  hypoxia  (1%  oxygen  for  16  h)  or  the  hypoxia  mimetic 
deferoxamine  (DFO)  (100  ju,M),  and  levels  of  HIF-1  n  were  mon¬ 
itored  by  immunoblotting.  Knockdown  of  Hsfl  markedly  sup¬ 
pressed  accumulation  of  HIF-1  n  in  response  to  these  stimuli  (Fig. 
4A),  similar  to  suppression  of  HIF-1  n  accumulation  in  xenografts 
formed  by  shHsfl  MCF7  cells  (Fig.  3D).  Importantly,  Hsfl  knock¬ 
down  also  strongly  inhibited  secretion  of  vascular  endothelial 
growth  factor  (VEGF),  the  major  growth  factor  responsible  for 
neovascularization,  as  well  as  other  targets  of  HIF-ln,  CAIX,  and 
Glut-1  (Fig.  4B). 

To  assess  whether  the  effect  of  Hsfl  knockdown  on  HIF- 1  n  has 
a  general  significance,  we  used  other  breast  cell  lines,  including 
normal  untransformed  cell  line  MCF10A,  NeuT- transformed 
MCF10A,  Her2-positive  cancer  lines  MB453  and  BT474,  and 
triple -negative  Hs578T.  In  all  these  cell  lines,  Hsfl  knockdown 
strongly  inhibited  accumulation  of  HIF- In  and  its  targets  CAIX 
and  Glut-1  in  response  to  the  hypoxia  mimetic  DFO  (Fig.  4C  to  E 
and  data  not  shown).  This  phenomenon  was  not  an  off-target 
effect  of  Hsfl  knockdown,  since  expression  of  a  short  hairpin  RNA 
(shRNA) -resistant  mutant  of  Hsfl  {Hsfl*)  prevented  downregu¬ 
lation  of  HIF- In.  Therefore,  impairment  of  angiogenesis  in 
NeuT-induced  mammary  tumors  in  hsfl  -knockout  animals  can 
be  associated  with  inhibition  of  HIF- In  expression  in  tumors.  Of 
note,  these  effects  were  not  limited  to  Her2 -positive  breast  cancer 
cells,  since  they  were  seen  in  Her2 -negative,  estrogen  receptor 
(ER) -positive  MCF7  cells  and  in  triple -negative  cancer  line 
Hs578T  (Fig.  4E). 

Hsfl  is  involved  in  HIF-1  translation.  HIF- In  expression  can 
be  regulated  at  multiple  levels,  including  protein  degradation 
(e.g.,  following  hypoxia  or  hypoxia  mimetics),  transcription  (e.g., 
upon  exposure  to  lipopolysaccharide  or  cytokines),  or  translation 
(e.g.,  upon  exposure  to  autocrine  growth  factors,  like  epidermal 
growth  factor  or  insulin-like  growth  factor)  (see  reference  7  for  a 
review).  Hsfl  knockdown  may  block  HIF- In  accumulation  by 
affecting  any  of  these  mechanisms,  and  therefore,  we  addressed 
what  mechanisms  are  targeted  by  Hsfl. 

To  test  for  transcription  and  mRNA  degradation,  we  analyzed 
expression  of  HIF- In  mRNA  by  qRT-PCR.  For  these  experi- 
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FIG  2  Hsfl  is  involved  in  breast  tumor  progression.  (A)  NeuT-induced  tumors  in  Hsfl  KO  mice  demonstrate  reduced  growth  rate.  The  data  shown  are  means  ±  standard  errors 
of  the  means.  (B)  Tumors  in  Hsfl  -KO  mice  demonstrate  reduced  angiogenesis.  Tumors  from  WT  and  KO  animals  were  excised,  fixed,  stained  for  endothelial  marker  CD3 1 ,  and 
analyzed  for  mean  vessel  area.  (C)  Tumor  tissue  staining  with  anti-CD3 1  antibody.  Tumors  from  control  and  Hsfl  -KO  animals  are  shown.  (D)  Higher  expression  of  Hsfl  mRNA 
in  human  breast  cancer  correlates  with  higher  Elston  grade,  metastasis,  and  lower  5-year  survival  according  to  the  Oncomine  database  (www.oncomine.org). 


March  2012  Volume  32  Number  5 


mcb.asm.org  933 


Downloaded  from  http://mcb.asm.org/  on  February  13,  2012  by  BOSTON  UNIV  MEDICAL  LIBRARY 


Gabai  et  al. 


MTS  assay,  OD 


days 

B  Tumor  volume,  mm3 


con  shHsf 


Mean  Vessel  Area,  um2 

250 


HSF-1 

survivin 


1.0  0.8 

— *  —  p21 

1.0  0.6 

W  mam  actin 


con 


D 


mouse 

#1  #2 


con  shHsf  con  shHsf 
Mb  Hu  •  Hst'l 

HIF-1 


=  -=- 


CAIX 

actin 


shHsf 


FIG  3  Hsfl  knockdown  suppresses  growth  and  angiogenesis  of  tumors  in  the  xenograft  model.  (A)  Knockdown  of  Hsfl  has  little  effect  on  growth  of  MCF7  cells 
in  vitro ,  and  it  does  not  increase  p21  or  decrease  survivin  levels.  Cells  were  infected  with  shHsfl  retrovirus  and  selected  for  4  days;  their  growth  was  assessed  by 
formazan  production  MTS  [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]  assay,  and  expression  of  p21  and 
survivin  was  assessed  by  immunoblotting.  (B)  Knockdown  of  Hsfl  blocks  growth  of  MCF7  cells  in  vivo  in  xenografts.  Cells  infected  with  shHsfl  retrovirus  as  in 
panel  A  were  injected  in  nude  mice  (106  cells  per  injection),  and  growth  of  tumors  was  monitored  by  caliper  (see  Materials  and  Methods  for  details).  (C) 
Xenograft  tumors  from  animals  (as  described  in  panel  B)  were  excised,  fixed,  stained  for  CD31,  and  analyzed  for  mean  vessel  area  as  in  Fig.  2B.  Data  are  means  ± 
standard  errors.  (D)  Knockdown  of  Hsfl  reduces  expression  of  HIF-1  and  its  target  CAIX  in  xenografts.  Expression  of  HIF-1  and  CAIX  tumor  xenografts  was 
analyzed  by  immunoblotting. 


ments,  we  used  MCF7  cells  which  have  undetectable  levels  of 
HIF-1  a  under  normal  conditions  but  accumulate  this  protein  un¬ 
der  hypoxia.  We  also  used  Hs578T  breast  tumor  cells,  which  have 
elevated  basal  levels  of  HIF- la,  but  these  levels  can  be  further 
increased  by  hypoxia  mimetics  (Fig.  4E  and  5B).  Although  in  both 
lines  Hsfl  knockdown  markedly  reduced  expression  of  HIF-1  a 
protein  (Fig.  4A  and  E  and  Fig.  5B),  there  was  no  downregulation 
of  HIF-1  a  mRNA  levels  (Fig.  5A),  indicating  that  Hsfl  regulates 
HIF-1  by  affecting  a  step  in  the  pathway  downstream  of  HIF-1  a 
mRNA  transcription  or  degradation.  To  assess  stability  of  HIF-1  a 
protein,  we  treated  cells  with  a  proteasome  inhibitor,  MG132.  If 
Hsfl  knockdown  enhances  degradation  of  HIF-1,  inhibition  of 
proteasome  should  lead  to  restoration  of  HIF- 1  a  in  Hsfl  -depleted 
cells  to  levels  seen  in  control  cells  treated  with  MG  132.  In  the 
experiment,  MG  132  treatment  caused  robust  accumulation  of 
HIF- In  in  control  cells,  but  much  weaker  buildup  of  HIF- In  was 
seen  in  Hsfl -depleted  cells  (Fig.  4A,  C,  and  D  and  Fig.  5B).  There¬ 


fore,  inhibition  of  protein  degradation  was  insufficient  to  re¬ 
store  HIF-1  levels,  suggesting  that  the  Hsfl -dependent  regula¬ 
tion  of  HIF  - 1  is  at  the  level  not  of  protein  stability  but  rather  of 
protein  synthesis.  (Of  note,  in  MG132-treated  cells  HIF-1  mi¬ 
grated  on  gels  faster  than  hypoxia-induced  HIF-1,  apparently 
due  to  the  absence  of  phosphorylation  [21].)  To  directly  assess 
the  effects  of  Hsfl  knockdown  on  HIF-1  degradation,  we  mea¬ 
sured  the  half-lives  of  HIF-1  in  control  and  Hsfl  knockdown 
MCF7  cells  treated  with  DFO.  Samples  were  taken  at  different 
time  points  following  addition  of  the  protein  synthesis  inhibi¬ 
tor  emetine,  and  HIF-1  levels  were  analyzed  by  immunoblot¬ 
ting.  In  naive  MCF7  cells,  degradation  of  HIF- In  was  very  fast 
(half-life  [t1/2]  of  about  10  min),  while  in  DFO-treated  cells 
HIF- In  was  more  stable  (t1/2  of  about  25  min)  (Fig.  5C),  which 
is  in  line  with  previous  reports.  While  strongly  reducing 
HIF-la  expression  levels  (Fig.  4A),  depletion  of  Hsfl  did  not 
significantly  affect  stability  of  HIF-1  in  either  control  or  DFO- 
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FIG  4  Knockdown  of  Hsfl  suppresses  HIF- 1  signaling  in  cell  lines.  (A)  Knockdown  of  Hsfl  in  MCF7  cells  inhibits  HIF- 1  accumulation  after  cells  were  subjected 
to  hypoxia  (Hyp,  1%  02,  16  h)  or  treated  with  the  hypoxia  mimetic  DFO  (100  pM,  4  h)  or  proteasome  inhibitor  MG132  (5  pM,  4  h).  Cells  were  infected  with 
shHsfl  retrovirus  as  in  Fig.  3A,  and  HIF-1  expression  was  analyzed  by  immunoblotting.  (B)  Hsfl  knockdown  reduces  induction  of  HIF- In  targets  VEGF,  CAIX, 
and  Glut-1  in  MCF7  cells.  Cells  were  infected  with  Hsfl  retrovirus  as  in  panel  A  and  treated  with  DFO  for  48  h,  and  medium  was  collected  and  analyzed  by 
enzyme-linked  immunosorbent  assay  for  VEGF  by  Quansys  Biosciences  or  lysates  were  blotted  with  anti-CAIX  or  anti-Glut-1  antibodies.  (C)  Knockdown  of 
Hsfl  inhibits  accumulation  of  HIF-1  and  its  targets  inMCFlOA  (left  panel)  andNeuT-infectedMCFlOA  (right  panel)  cells.  Cells  were  treated  with  DFO  (100  pM, 
4h)  orMG132  (5  p,M,  4h),  and  accumulation  of  HIF-1  and  its  targets  CAIX  and  Glut-1  was  analyzed  by  immunoblotting.  (D)  Her2-positive  MB453  (left  panel) 
and  BT474  (right  panel)  cells  were  infected  with  Hsfl  retrovirus  as  in  panel  A  and  treated  with  hypoxia  for  16  h  or  DFO  ( 100  pM,  4  h)  or  MG132  (5  pM,  4  h), 
and  accumulation  of  HIF-1  was  analyzed  by  immunoblotting.  (E)  Expression  of  the  shRNA- resistant  Hsfl  mutant  reverses  the  effect  of  shRNA  on  HIF- In. 
Hs578T  cells  were  infected  with  retrovirus  containing  Hsfl *  or  control  retrovirus  and  selected.  Then  Hsfl  was  depleted  by  shRNA,  and  HIF- la;  expression  was 
measured  by  immunoblotting  in  naive  cells  or  following  DFO  treatments. 


treated  cells  (Fig.  5C).  Similarly,  Hsfl  knockdown  did  not  affect 
the  rates  of  HIF- let  degradation  in  naive  Hs578T  cells,  while  it 
decreased  HIF-1  levels  (Fig.  5C). 

To  assess  translation  of  HIF- let  directly,  cells  were  pulse- 
labeled  with  [35S] methionine  for  10  min,  and  HIF- let  was  immu- 


noprecipitated  with  the  corresponding  antibody.  Hsfl  knock¬ 
down  significantly  reduced  incorporation  of  label  into  HIF- let 
(Fig.  5D),  which,  together  with  the  data  that  mRNA  levels  were 
similar,  indicated  that  the  main  regulation  of  HIF-1  by  Hsfl  is  at 
the  level  of  translation. 
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FIG  5  Effect  of  Hsfl  knockdown  on  various  levels  of  HIF-1  expression.  (A)  Effect  of  Hsfl  knockdown  on  HIF-1  a:  mRNA  levels  in  MCF7  or  Hs578T  cells;  DFO 
treatment  did  not  change  mRNA  levels  (not  shown).  qRT-PCRwas  done  as  described  in  Materials  and  Methods.  (B)  shHsfl  suppresses  both  basal  and  DFO  (100 
pM,  4  h)-  or  MG132  (5  pM,  4  h) -induced  levels  of  HIF-1  in  Hs578T  cells.  (C)  Knockdown  of  Hsfl  does  not  affect  stability  of  HIF-1.  Hs578T  or  MCF7  cells  were 
treated  with  the  protein  synthesis  inhibitor  emetine  (EM;  10  pM)  in  the  absence  or  presence  of  DFO  ( 100  pM)  for  the  time  intervals  indicated,  and  the  levels  of 
HIF-1  were  determined.  The  middle  panel  shows  quantification  of  the  left  panel.  (D)  Hsfl  knockdown  reduces  translation  of  HIF-ln.  MCF7  cells  were  labeled 
with  [35S]  methionine  for  10  min,  and  HIF-1  was  immunoprecipitated,  run  on  SDS-PAGE  gels,  and  exposed  to  film.  The  initial  material  was  normalized  by 
trichloroacetic  acid-precipitable  count  (label  incorporated  into  proteins).  (E)  Hsfl  knockdown  does  not  affect  activity  of  mTOR  pathway.  Activity  of  the  mTOR 
pathway  was  assayed  by  antibody  to  phosphorylated  (Ser235/236)  S6  ribosomal  protein  (left  panel)  or  phosphorylated  (Ser65)  4E-BP1  (right  panel).  (F)  Hsfl 
knockdown  does  not  affect  phosphorylation  of  eIF2a,  assayed  by  antibody  to  phosphorylated  (Ser51)  eIF2o:.  (G)  Effect  of  shHsfl  knockdown  on  microRNA 
profile  of  Hs578T  cells.  MicroRNA  was  isolated  and  assayed  by  Miltenyi  Biotec.  See  text  for  further  explanation. 
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Effects  of  Hsfl  on  major  pathways  regulating  HIF-1  a  trans¬ 
lation  and  microRNA  (miRNA).  We  further  explored  effects  of 
Hsfl  on  translation  of  HIF-1  ct.  One  possibility  involves  the 
mTOR  pathway,  since  HIF-1  a  translation  is  dependent  on  mTOR 
activity  (7,  21,  34).  Accordingly,  we  tested  whether  Hsfl  knock¬ 
down  downregulates  components  of  the  mTOR  pathway,  includ¬ 
ing  phospho-S6  ribosomal  protein  and  phospho-4E-BPl,  and 
found  no  effects  of  Hsfl  knockdown  on  either  p-S6  or  p-4E-BPl 
(Fig.  5E).  Therefore,  the  mTOR  pathway  apparently  is  not  in¬ 
volved  in  regulation  of  HIF-1  by  Hsfl  depletion. 

Another  potential  mechanism  which  can  regulate  HIF-1 
translation  is  associated  with  downregulation  of  eIF2a  by  its 
phosphorylation  on  Ser51.  We  explored  this  possibility  but  did 
not  find  any  difference  in  eIF2o:  phosphorylation  upon  Hsfl 
knockdown  (Fig.  5F). 

Next  we  used  microarrays  to  assess  how  Hsfl  knockdown  af¬ 
fects  levels  of  microRNAs  which  may  potentially  regulate  HIF-1  a 
translation.  Hsfl  knockdown  had  profound  effects  on  expression 
of  a  number  of  microRNAs  in  Hs578T  cells,  but  none  of  the  up- 
regulated  microRNAs  had  binding  sites  in  the  untranslated  re¬ 
gions  (UTRs)  ofHIF-la:  mRNA.  Therefore,  these  miRNAs  cannot 
be  directly  involved  in  regulation  of  HIF-1  a  (Fig.  5G).  On  the 
other  hand,  interestingly,  7  out  of  1 1  microRNAs  reduced  upon 
Hsfl  knockdown  (i.e.,  Fet-7A,  Fet-7C,  Fet-7D,  MiR-199A-5P, 
MiR-210,  MiR-125B,  and  MiR-107)  were  previously  shown  to  be 
upregulated  by  HIF-1  or  hypoxia  (23)  (Fig.  5F).  Therefore,  down- 
regulation  of  these  microRNAs  upon  Hsfl  knockdown  most  likely 
reflects  suppression  of  HIF-1.  Importantly,  some  of  these 
miRNAs,  e.g.,  Fet-7  and  MiR-125,  regulate  multiple  targets  in¬ 
volved  in  cancer,  e.g.,  RAS,  MYC,  and  p53  (12).  Accordingly,  ef¬ 
fects  of  Hsfl  on  HIF-1  not  only  result  in  suppression  of  angiogen¬ 
esis  but  stimulate  a  variety  of  cancer-related  pathways. 

Hsfl  knockdown  downregulates  HuR  and  its  targets  associ¬ 
ated  with  cancer  traits.  Among  regulators  of  HIF-1  a  translation, 
there  are  mRNA-binding  proteins  PTBP1  and  HuR.  Since  the 
mTOR  pathway,  eIF2ai,  or  microRNA  was  not  involved  in  HIF-1 
regulation  by  Hsfl ,  we  assessed  expression  of  PTBP1  and  HuR 
upon  Hsfl  knockdown.  By  immunoblotting,  we  did  not  find  any 
decrease  in  PTBP1  levels  (Fig.  6A).  On  the  other  hand,  HuR  levels 
decreased  by  about  70%  upon  Hsfl  knockdown  in  both  MCF7  and 
Hs578  cells  (Fig.  6A).  Furthermore,  we  found  70  to  80%  down- 
regulation  of  HuR  levels  in  MCF7  xenografts  as  well  (Fig.  6B), 
suggesting  that  this  factor  maybe  involved  in  HIF-1  regulation  by 
Hsfl.  With  many  targets,  HuR  regulates  stability  of  mRNA;  how¬ 
ever,  specifically  with  HIF-1,  it  was  demonstrated  that  HuR  regu¬ 
lates  its  translation  without  affecting  mRNA  stability  (17).  There¬ 
fore,  effects  of  HuR  on  HIF-1  are  consistent  with  our  results  with 
qRT-PCR  (Fig.  5A). 

To  test  whether  downregulation  of  HuR  is  responsible  for  sup¬ 
pression  of  HIF-1  upon  Hsfl  knockdown,  we  first  assessed 
whether  decrease  in  HuR  levels  by  shRNA  can  downregulate 
HIF-1  in  cell  lines  which  we  used  for  the  study.  Indeed,  as  seen  in 
Fig.  6C,  downregulation  of  HuR  markedly  suppressed  HIF-1  ac¬ 
cumulation  in  both  MCF7  and  Hs578T  cells.  Furthermore,  we 
assessed  whether  overexpression  of  HuR  can  prevent  effect  of  Hsfl 
knockdown  on  HIF-1  accumulation.  Hs578T  and  MCF7  cells 
were  first  infected  with  retrovirus  expressing  HuR,  selected  with 
neomycin,  and  then  infected  with  shHsfl  retrovirus  and  selected 
with  puromycin.  HuR  overexpression  completely  prevented  an 
effect  of  Hsfl  knockdown  on  HIF- 1  accumulation  in  both  Hs578T 


and  MCF7  cells  (Fig.  6D).  These  results  demonstrate  that  down- 
regulation  of  HuR  by  Hsfl  knockdown  appears  to  be  the  major 
mechanism  responsible  for  HIF-1  inhibition. 

We  next  addressed  whether  Hsfl  affects  HuR  transcription, 
translation,  or  degradation.  Hsfl  apparently  did  not  affect  HuR 
protein  stability,  since  addition  of  the  proteasome  inhibitor 
MG  132  did  not  restore  HuR  levels  in  shHsfl  cells  (data  not 
shown).  At  the  same  time,  shHsfl  decreased  levels  of  HuR  mRNA 
(Fig.  6E).  This  effect  was  apparently  at  the  level  of  transcription, 
since  we  did  not  observe  any  effect  on  the  HuR  mRNA  stability 
(Fig.  6F).  Furthermore,  we  measured  levels  of  HuR  mRNA  and 
protein  in  Hsfl  -KO  animals.  In  line  with  results  of  the  cell  culture 
experiments,  Hsfl-KO  mice  had  significantly  lower  levels  of  HuR 
than  did  control  mice  (Fig.  6G).  These  data  emphasize  the  rele¬ 
vance  of  the  role  of  Hsfl  in  regulation  of  HuR  to  the  mammalian 
organism. 

Along  with  overexpression  of  Hsfl  and  HIF-1,  tumor  progres¬ 
sion  in  various  human  cancers  is  associated  with  higher  expression 
of  HuR  (24, 25).  HuR  controls  mRNA  stability  and/or  translation 
of  many  proteins  involved  in  cancer,  including  proteins  involved 
in  angiogenesis  (e.g.,  HIF-1,  HIF- 2,  and  vascular  endothelial 
growth  factor  [VEGF]),  cell  survival  (e.g.,  p53  and  Sirtl),  prolif¬ 
eration  (e.g.,  cyclins,  Cdc2,  and  p21),  and  others  (1,  14,  24,  25). 
Since  Hsfl  knockdown  leads  to  HuR  decrease,  we  assessed 
whether  some  of  the  known  targets  of  HuR  are  also  downregu- 
lated  in  these  cells.  Indeed,  along  with  HIF-1  and  VEGF  A,  knock¬ 
down  of  Hsfl  in  Hs578  or  MCF7  cells  decreased  levels  of  other 
known  targets  of  HuR  such  as  HIF-2,  Sirtl,  p53,  and  cyclin  B  (Fig. 
6H  to  J).  Therefore,  by  regulating  HuR,  Hsfl  controls  a  multitude 
of  genes  and  pathways  involved  in  various  stages  of  tumorigenesis, 
including  initiation,  invasion,  and  angiogenesis. 

DISCUSSION 

Previous  studies  demonstrated  that  human  cancers  often  have 
higher  levels  of  expression  of  Hsfl  and  heat  shock  proteins,  which 
are  associated  with  tumor  progression  and  resistance  to  anticancer 
therapy,  thus  indicating  that  Hsfl  and  Hsps  play  an  important  role 
in  cancer.  Indeed,  recent  works  using  knockout  mice  demon¬ 
strated  that  Hsfl  is  essential  for  tumorigenesis  induced  by  RAS  or 
p53  knock-in  mutant  (R172H).  Following  these  developments,  we 
attempted  to  dissect  the  mechanism  of  Hsfl  effects  on  tumorigen¬ 
esis  and  found  that  Hsfl  interferes  with  senescence  signaling,  thus 
playing  a  critical  role  in  prevention  of  oncogene-induced  senes¬ 
cence  (OIS).  We  demonstrated  that  when  Hsfl  or  Hsp72  is  down- 
regulated,  the  Her2/NeuT  oncogene  can  no  longer  transform 
mammary  epithelial  cells  but  instead  causes  senescence  which  is 
accompanied  by  accumulation  of  a  cell  cycle  inhibitor,  p21,  and 
decrease  in  levels  of  the  cell  cycle  promoter  and  apoptosis  inhibi¬ 
tor  survivin  (28,  29).  Furthermore,  in  established  Her2-positive 
human  breast  cancer  lines,  knockdown  of  Hsfl  led  to  an  increase 
in  p21,  a  decrease  in  survivin,  and  inhibition  of  their  growth  (28). 
Due  to  this  mechanism,  Hsfl  is  essential  for  transformation  of 
human  mammary  epithelial  cells  by  the  Her2/NeuT  oncogene  and 
maintenance  of  growth. 

These  findings  suggested  that  Hsfl  should  mainly  function  at 
early  stages  of  cancer  development  when  the  Her2  oncogene  is 
activated  and  OIS  blocks  cell  proliferation  and  transformation. 
Indeed,  here  we  demonstrate  that  in  Hsfl-KO  mice  emergence  of 
tumors  driven  by  the  Her2/NeuT  oncogene  is  dramatically  sup¬ 
pressed.  There  was  no  NeuT-induced  hyperplasia  of  mammary 
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FIG  6  Suppression  of  HIF-1  accumulation  by  shHsfl  is  associated  with  HuR  downregulation.  (A)  Hsfl  knockdown  decreases  HuR  but  not  PTBP1  levels  in 
Hs578T  (left  panel)  and  MCF7  (right  panel)  cells.  (B)  Hsfl  knockdown  decreases  HuR  but  not  PTBP1  levels  in  MCF7  xenografts  (Fig.  3B  to  D).  (C)  Knockdown 
of  HuR  suppresses  HIF- 1  accumulation  in  Hs578T  (left  panel)  and  MCF7  (right  panel)  cells.  Cells  were  infected  with  shHuR  retrovirus,  selected,  and  treated  with 
DFO  (100  pM)  or  MG132  (5  pM)  for  4  h.  (D)  HuR  overexpression  prevents  inhibition  of  HIF- 1  accumulation  by  Hsfl  knockdown.  Hs578T  and  MCF7  cells  were 
first  infected  with  HuR  retrovirus  and  selected.  HuR- expressing  cells  were  infected  with  shHsfl  retrovirus  as  described  in  Materials  and  Methods  and  treated  with 
100  pM  DFO  for  4  h.  (E)  Hsfl  knockdown  leads  to  reduction  of  HuR  mRNA  levels  in  Hs579T  and  MCF7  cells.  (F)  Hsfl  knockdown  does  not  affect  stability  of 
HuR  mRNA.  Levels  of  HuR  mRNA  were  measured  by  qRT-PCR  after  inhibition  of  transcription  by  actinomycin  at  the  indicated  time  points.  (G)  Levels  of  HuR 
mRNA  and  protein  were  assessed  in  liver  of  control  and  Hsfl-KO  mice.  (H  to  J)  Hs578T  and  MCF7  cells  were  infected  with  shHsfl  retrovirus  as  in  Fig.  4A  and 
5B  and  treated  with  DFO  (100  pM)  or  MG132  (5  pM )  for  4  h,  and  the  levels  of  HIF-2o;  (H),  Sirtl  (I),  p53  (mutant)  (J),  or  cyclin  B  (ClnB)  (J)  were  assayed  by 
immunoblotting. 
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tissue  and  development  of  alveoli  was  strongly  reduced  (Fig.  1), 
further  supporting  the  notion  that  Hsfl  is  essential  early  in  tumor 
development. 

These  effects  of  Hsfl  KO  were  almost  indistinguishable  from 
effects  of  Hsp72  KO,  which,  as  we  recently  demonstrated,  also 
inhibits  mammary  tissue  hyperplasia  and  alveolar  development, 
causes  senescence  of  epithelial  cells,  and  overall  blocks  tumor  ini¬ 
tiation  (29).  These  data  are  consistent  with  our  prior  suggestion 
that  the  major  effect  of  Hsfl  depletion  on  OIS  maybe  mediated  by 
downregulation  of  Hsp72.  Indeed,  we  found  that  in  cell  lines 
where  depletion  of  Hsfl  causes  downregulation  of  Hsp72,  it  also 
causes  OIS,  while  in  cell  lines  where  depletion  of  Hsfl  does  not 
cause  Hsp72  downregulation,  it  does  not  trigger  OIS  (unpub¬ 
lished  data).  Nevertheless,  the  mechanism  of  OIS  remains  in  these 
latter  lines,  since  depletion  of  Hsp72  in  them  does  trigger  OIS 
(16). 

Effects  of  Hsfl  on  cancer  are  not  limited  to  the  control  of  OIS, 
and  literature  data  suggest  that  Hsfl  plays  a  more  general  role  in 
tumor  development.  For  example,  it  was  demonstrated  that  in  a 
series  of  prostate  cancer  clones  that  developed  invasiveness  and 
metastasis  upon  passage  through  nude  mice,  expression  of  Hsfl 
was  further  increased  in  more  aggressive  tumorigenic  clones  (2). 
Furthermore,  data  from  the  cancer  microarray  archive  Oncomine 
also  indicate  that  levels  of  Hsfl  correlate  with  the  tumor  grade, 
ultimately  indicating  that  besides  tumor  initiation  Hsfl  should  be 
involved  in  tumor  progression  (Fig.  2C). 

Based  on  these  considerations,  we  addressed  the  role  of  Hsfl  in 
tumor  progression,  focusing  on  a  mouse  model  of  Her2 -positive 
breast  cancer.  Initially,  we  looked  at  rare  tumors  that  emerged  in 
Hsfl-KO  animals  that  express  NeuT.  Of  note,  these  tumors 
emerged  much  later  than  did  tumors  in  control  NeuT-expressing 
mice  (Fig.  IB).  Importantly,  tumors  in  Hsfl -knockout  mice  grew 
much  slower  than  in  control  mice  (Fig.  2A),  further  confirming 
that  in  addition  to  tumor  initiation,  Hsfl  plays  a  role  in  tumor 
growth. 

In  these  rare  tumors  emerging  in  Hsfl-KO  animals,  we  ob¬ 
served  that  angiogenesis  is  impaired,  which  maybe  a  factor  in  slow 
growth.  In  order  to  investigate  mechanisms  of  these  effects,  we 
had  to  develop  xenograft  and  cell  culture  models.  Testing  several 
breast  cancer  mammary  epithelium  lines  in  culture  demonstrated 
that  levels  of  the  major  regulator  of  angiogenesis  HIF-1  are  dra¬ 
matically  reduced  upon  depletion  of  Hsfl.  The  xenograft  model 
was  more  difficult  to  apply,  since  cancer  cell  lines  usually  develop 
senescence  or  apoptosis  following  Hsfl  depletion  (13,  28),  and 
lack  of  growth  in  xenografts  could  be  due  to  OIS  or  apoptosis, 
rather  than  insufficient  angiogenesis.  After  screening  of  a  collec¬ 
tion  of  breast  cancer  lines,  we  found  that  in  two  lines,  MCF7  and 
Hs578T,  depletion  of  Hsfl  does  not  downregulate  Hsp72  and  does 
not  cause  senescence,  while  it  does  cause  downregulation  of  HIF- 
\a.  Accordingly,  MCF7  cells  with  depleted  Hsfl  could  form  tu¬ 
mors  in  xenografts,  but  after  emergence  tumors  grew  very  slowly 
and  had  reduced  angiogenesis.  This  model  therefore  recapitulates 
suppression  of  tumor  progression  seen  in  the  knockout  animals. 
An  interesting  conclusion  from  these  experiments  is  that  while 
Hsfl  effects  on  OIS  and  tumor  initiation  are  mediated  by  Hsp72, 
effects  on  HIF-1  and  tumor  progression  are  independent  of  Hsp72 
and  must  involve  distinct  Hsfl  transcription  targets. 

Interestingly,  there  are  very  complex  bidirectional  relations  be¬ 
tween  heat  shock  transcription  factors  and  HIF-1.  For  example,  it 
has  been  demonstrated  in  Drosophila  that  hypoxia  induces  heat 


shock  response  via  HIF-1  (3).  On  the  other  hand,  in  mammalian 
cells  Hsf2  and  Hsfl  were  shown  to  regulate  HIF-1  transcription 
(10). 

In  addition  to  angiogenesis,  HIF-1  regulates  expression  of 
genes  involved  in  other  aspects  of  tumorigenesis,  including  sur¬ 
vival  of  hypoxia  and  other  harmful  conditions,  invasion,  etc.  We 
have  found  that  beyond  angiogenesis-related  targets  of  HIF-1 
(e.g.,  VEGF),  Hsfl  also  controls  expression  of  Glut-1  and  CAIX 
and  most  likely  other  HIF- regulated  genes  involved  in  tumor  pro¬ 
gression.  For  example,  Hsfl  regulates  a  set  of  cancer- related 
miRNAs  (e.g.,  Let-7,  MiR-199A,  or  MiR-125B),  which  are  known 
to  be  controlled  by  HIF-1  or  hypoxia  (23). 

In  the  search  for  a  molecular  mechanism  of  the  effect  of  Hsfl 
on  HIF-1,  we  found  that  Hsfl  controls  another  major  regulator  of 
tumor  progression,  HuR.  HIF-1  accumulation  under  hypoxia  is 
mediated  by  inhibition  of  constitutive  ubiquitination  by  the  E3 
ligase  VHL,  resulting  in  suppression  of  HIF- 1  a  degradation  by  the 
proteasome.  Originally,  we  suggested  that  Hsfl  deficiency  in¬ 
creases  the  rate  of  HIF-1  a  degradation.  However,  direct  measure¬ 
ment  of  the  rate  of  HIF-1  a  degradation  showed  that  Hsfl  knock¬ 
down  does  not  increase  the  half-life  of  HIF- la.  Similarly,  we 
found  that  there  is  no  difference  in  the  levels  of  HIF- la  mRNA  in 
Hsfl -depleted  cells.  Therefore,  Hsfl  knockdown  does  not  affect 
either  degradation  of  HIF- la  protein  or  transcription  of  degrada¬ 
tion  of  HIF- la  mRNA,  and  indeed  we  found  that  Hsfl  regulates 
HIF- la  translation  (Fig.  5).  Assessing  major  mechanisms  known 
to  regulate  HIF-1  translation  (miRNAs,  mTOR,  and  eIF2a  path¬ 
ways),  we  could  not  implicate  any  of  these  mechanisms  in  regula¬ 
tion  of  HIF-1  translation  following  Hsfl  knockdown.  On  the 
other  hand,  there  was  a  marked  decrease  in  the  levels  of  the 
mRNA-binding  protein  HuR,  a  major  regulator  of  translation 
which  is  known  to  promote  translation  of  HIF- la  (Fig.  6).  This 
decrease  was  seen  both  in  cell  culture  and  in  xenograft  tumors  as 
well  in  Hsfl -knockout  animals  (Fig.  6).  Effects  of  Hsfl  on  HIF-1 
were  mediated  by  HuR,  since  knockdown  of  HuR  suppressed 
HIF-1  accumulation  in  our  models,  while  restoration  of  HuR  lev¬ 
els  in  Hsfl -depleted  cells  prevented  HIF-1  downregulation  (Fig. 
6).  These  data  demonstrate  that  downregulation  of  HuR  is  the 
main  mechanism  by  which  Hsfl  regulates  HIF-1  translation. 

HuR  is  overexpressed  in  various  human  cancers,  and  its  ex¬ 
pression  correlates  with  cancer  progression  (1, 14, 24, 25).  Besides 
HIF-1,  HuR  controls  mRNA  stability  and  translation  of  a  plethora 
of  proteins  associated  with  cancer,  and  we  report  that  several 
known  cancer- related  targets  of  HuR,  including  HIF-2,  Sirtl,  p53, 
and  cyclin  B,  are  also  downregulated  upon  Hsfl  knockdown  (Fig. 
6).  Therefore,  we  have  established  an  important  link  between  Hsfl 
and  two  major  players  in  cancer  progression,  HIF-1  and  HuR. 
This  association  between  Hsfl,  HuR,  and  HIF-1  demonstrates 
that  Hsfl  is  essential  not  only  for  initial  stages  of  tumorigenesis  by 
preventing  oncogene-induced  senescence  but  also  for  progression 
of  established  tumors. 
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Summary 

Heat  shock  response  (HSR)  that  protects  cells  from  proteotoxic 
stresses  is  downregulated  in  aging,  as  well  as  upon  replicative 
senescence  of  cells  in  culture.  Here  we  demonstrate  that  HSR  is 
suppressed  in  fibroblasts  from  the  patients  with  segmental  proge- 
rioid  Werner  Syndrome,  which  undergo  premature  senescence. 
Similar  suppression  of  HSR  was  seen  in  normal  fibroblasts,  which 
underwent  senescence  in  response  to  DNA  damaging  treatments. 
The  major  DNA-damage-induced  signaling  (DDS)  pathways  p53- 
p21  and  p38-NF-kB-SASP  contributed  to  the  HSR  suppression.  The 
HSR  suppression  was  associated  with  inhibition  of  both  activity 
and  transcription  of  the  heat  shock  transcription  factor  Hsfl.  This 
inhibition  in  large  part  resulted  from  the  downregulation  of 
SIRT1,  which  in  turn  was  because  of  decrease  in  the  expression  of 
the  translation  regulator  HuR.  Importantly,  we  uncovered  a  posi¬ 
tive  feedback  regulation,  where  suppression  of  Hsfl  further  acti¬ 
vates  the  p38-NF-KB-SASP  pathway,  which  in  turn  promotes 
senescence.  Overexpression  of  Hsfl  inhibited  the  p38-NFkB-SASP 
pathway  and  partially  relieved  senescence.  Therefore,  downregu¬ 
lation  of  Hsfl  plays  an  important  role  in  the  development  or  in  the 
maintenance  of  DNA  damage  signaling-induced  cell  senescence. 
Key  words:  heat  shock  response;  Hsp70;  HuR;  inflammation; 
p38;  p53;  SIRT1. 


Introduction 

Aging  is  the  most  important  risk  factor  in  the  development  of  neurode- 
generative  and  cardiovascular  diseases,  diabetes,  osteoporosis,  and  many 
types  of  cancer.  Various  age-associated  disorders  are  characterized  by 
accumulation  of  damaged  proteins  (Jana  etal.,  2000;  Koyama  etal., 
2006;  Rahman  etal.,  2010;  Sakellariou  etal.,  2011).  Accordingly,  the 
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reduced  capacity  to  handle  misfolded  protein  has  been  implicated  in  the 
etiology  of  the  disease  process  (Sherman  &  Goldberg,  2001).  Protein 
aggregation  and  accumulation  of  damaged  species  in  aging  reflect  the 
collapse  in  protein  homeostasis  (proteostasis;  Ben-Zvi  et  at.,  2009;  Taylor 
&  Dillin,  201 1),  which  in  part  results  from  the  reduced  ability  to  induce 
heat  shock  proteins  that  function  as  molecular  chaperones  in  protein 
folding  and  degradation  (Wu  et  at.,  1993;  Heydari  et  a!.,  1994).  In  turn, 
malfunction  of  the  heat  shock  response  (HSR)  can  shorten  lifespan  of  the 
organism  (Hsu  etal.,  2003).  In  fact,  in  Caenorhabditis  elegans  model, 
suppression  of  HSR  by  downregulation  of  the  heat  shock  transcription 
factor  Hsfl  shortens  the  lifespan,  while  overexpression  of  Hsfl  extends  it 
(Morley  &  Morimoto,  2004;  Ben-Zvi  et  at.,  2009).  As  Hsfl  has  been  impli¬ 
cated  both  in  aging  and  in  disease,  understanding  its  regulation  as  well  as 
the  effects  of  Hsfl  on  aging  and  disease  is  of  primary  importance. 

A  NAD+-dependent  deacetylase  SIRT1  has  been  implicated  in  control 
of  Hsfl .  SIRT1  was  found  to  deacetylate  Hsfl  and  keep  it  associated  with 
the  promoter  region  of  heat  shock  proteins,  thus  enhancing  the  overall 
transcription  from  the  Hsfl -responsive  promoters  (Westerheide  etal., 
2009).  In  line  with  this  finding,  caloric  restriction,  which  delays  aging  by 
increasing  SIRT1  activity,  increased  HSR  in  aging  rats  (Heydari  etal., 
1993).  This  finding  provides  a  link  between  the  organism  aging  and 
downregulation  of  HSR. 

Certain  features  of  the  aging  paradigm  can  be  recapitulated  in  cell  cul¬ 
ture,  where  cells  undergo  replicative  senescence.  For  example,  downre¬ 
gulation  of  HSR  was  demonstrated  in  fibroblasts  that  underwent 
senescence  following  multiple  passages  in  culture  (Lee  et  a!.,  1 996).  Inter¬ 
estingly,  SIRT 1  levels  decrease  in  replicatively  senescent  cells  (Sasaki  et  at. , 
2006),  suggesting  that  this  factor  may  be  involved  in  downregulation  of 
HSR  in  senescence.  Among  various  factors  that  regulate  SIRT  1 ,  HuR  binds 
to  SIRT1  mRNA  and  increases  its  stability,  and  ultimately  its  translation 
(Fan  &  Steitz,  1 998;  Abdelmohsen  et  a!.,  2007).  Levels  of  HuR  also  dimin¬ 
ish  in  senescent  cells,  suggesting  that  HuR  may  mediate  the  effects  of 
senescence  on  SIRT1 ,  and  consequently  on  Hsfl . 

Cell  senescence  results  from  the  activation  of  DNA  damage  signaling 
(DDS)  (Vaziri  et  a!.,  1997;  Robles  &  Adami,  1998;  Chang  etai,  1999). 
Among  DDS  pathways,  the  p53-p21  pathways  trigger  the  senescence, 
while  the  so-called  senescence-associated  secretion  phenotype  (SASP)  is 
responsible  for  senescence  maintenance  (Rodier  etal.,  2009;  Freund 
etal.,  2011).  SASP  represents  secretion  of  a  variety  of  signaling  mole¬ 
cules,  for  example,  IL-6,  IL-1  or  IL-8,  controlled  by  the  activation  of 
p38MAPK  and  NF-kB  (Acosta  etal.,  2008;  Orjalo  etal.,  2009).  In  addi¬ 
tion,  p38MAPK  regulates  a  distinct  senescence  factor  pi 6  (Du  etal., 
2009). 

As  a  model  of  aging,  we  chose  fibroblasts  from  patients  with  Werner 
Syndrome  (WS).  WS  is  caused  by  a  mutation  in  the  WRN  gene  that  pre¬ 
sents  with  premature  aging  (Goto,  1997).  Fibroblasts  from  patients  with 
WS  demonstrate  premature  senescence  and  show  accumulation  of  DNA 
damage  (Wyllie  et  at.,  2000). 

Here,  we  investigated  the  role  of  DNA  damage  in  the  suppression  of 
HSR.  Specifically,  we  probed  the  main  DDS  pathways  as  potential  modu¬ 
lators  of  HSR.  We  found  that  Hsfl  activity  decreases  in  DDS-induced 
senescence  in  part  because  of  the  changes  in  SIRT1  and  HuR.  Further- 
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more,  we  found  a  new  role  of  Hsfl  as  a  modulator  of  senescence  pheno¬ 
type  (Experimental  procedures  are  given  in  Supporting  information). 

Results 

DNA-damage-induced  senescence  is  associated  with 
suppression  of  the  HSR 

To  understand  how  HSR  is  modulated  in  aging,  we  investigated  HSR  in 
skin  fibroblasts  isolated  from  prematurely  aging  patients  with  WS.  We 
used  fibroblasts  isolated  from  three  patients  with  WS  aged  between  19 
and  30  at  passages  4  to  1 1  and  fibroblasts  from  normal  individuals  as 
age-matched  controls,  ages  between  22  and  27  at  passage  14  to  16.  Pre¬ 
viously,  WS  fibroblasts  were  found  to  undergo  premature  senescence 
(Goto,  1997).  We  observed  the  typical  senescent  morphology,  including 
enlargement,  flattening,  and  vacuolization,  in  WS  fibroblasts,  which  was 
of  a  stark  contrast  to  fibroblasts  from  an  age-matched  subject  (Fig.  SI). 
To  assess  the  HSR  in  WS,  cells  were  incubated  at  43  °C  for  35  min,  left  to 
recover  for  6  h,  and  expression  of  the  major  inducible  heat  shock  protein 
Hsp70  was  measured  by  immunoblotting.  These  conditions  for  HSR  were 
used  throughout  the  study.  Compared  to  fibroblasts  from  age-matched 
healthy  subjects,  WS  fibroblasts  demonstrated  strong  decrease  in  the 
induction  of  Hsp70  (Fig.  1  A).  Unlike  finite  lifespan  WS  fibroblasts,  hTERT- 
immortalized  WS  cells  did  not  show  suppressed  HSR  compared  with  nor¬ 
mal  hTERT-immortalized  fibroblasts  (Fig.  S2). Therefore,  we  suggested 
that  downregulation  of  the  HSR  in  WS  fibroblasts  could  be  associated 
with  premature  senescence. 


The  premature  aging  phenotype  of  WS,  which  is  caused  by  the  muta¬ 
tion  in  the  DNA  helicase  WRN  gene,  is  associated  with  DNA  instability 
(Rossi  etal.,  2010).  Diminished  induction  of  Hsp70  in  WS  fibroblasts 
could  be  connected  to  the  DNA  damage.  Accordingly,  we  tested  whether 
DNA  damaging  treatments  in  normal  cells  could  have  a  similar  suppres¬ 
sive  effect  on  the  HSR.  Normal  human  diploid  fibroblasts  TIG-1  in  early 
passage  (between  pi 2  and  pi  5)  were  treated  with  100  nM  doxorubicin 
(Dox)  overnight  or  exposed  to  10  Gy  y-irradiation  (IR)  and  then  cultured 
for  5  days.  By  day  4,  such  treatments  led  to  withdrawal  from  the  cell 
cycle,  as  indicated  by  reduced  Ki-67  staining,  and  increased  senescence- 
associated  (3-galactosidase  activity  (SA-p-gal).  These  features  corre¬ 
sponded  to  the  appearance  of  senescence  phenotype,  well  in  agreement 
with  previous  reports  (Chang  eta/.,  1999;  Fig.  S2A,B).  As  observed  with 
WS  fibroblasts,  normal  fibroblasts  exposed  to  DNA  damaging  agents 
showed  significantly  suppressed  induction  of  Hsp70  (Fig.  IB).  Therefore, 
similar  to  replicative  senescence,  premature  senescence  by  DNA  damage 
causes  suppression  of  the  HSR  in  both  normal  and  disease,  and  estab¬ 
lishes  a  useful  model  to  investigate  the  relationship  between  senescence 
and  the  HSR  (Fig.  61). 

DNA-damage-induced  signaling  (DDS)  pathways  regulate 
HSR 

DNA  damage  can  activate  the  p53  and  the  p38MAPK  signaling  pathways, 
both  of  which  contribute  to  the  development  of  senescence  (Rodier 
etal.,  2009;  Freund  etal.,  2011).  Here,  we  tested  the  contribution  of 
each  pathway  in  the  suppression  of  HSR.  By  day  5  post-treatment,  y-irra- 
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Fig.  1.  Activation  of  p53  pathway  caused  suppression  of  HSR.  (A)  WS  fibroblasts  (passage  4)  and  age-matched  C  fibroblasts  (passage  1 5)  were  heat  shocked  and  were 
collected  for  immunoblotting.  (B)  TIG-1  fibroblasts  were  treated  with  1 00  nM  of  Dox  overnight  or  1 0  Gy  IR.  After  6  days,  cells  were  heat  shocked  and  incubated  for  6  h  before 
collection.  (C)  Same  cells  from  (B)  were  immunoblotted  for  indicated  proteins.  (D)  Cells  that  were  induced  senescent  by  5  days  of  1 0  |im  nutlin-3  treatment  were  heat 
shocked,  and  Hsp70  levels  were  measured.  (E)  Hsp70  accumulation  after  heat  shock  in  cells  that  overexpress  p21 .  (F)  TIG-1  cells  were  infected  with  empty  or  shp53 
retroviruses,  and  nutlin-3  was  added  for  additional  5  days.  Cells  were  collected  6  h  after  heat  shock  and  immunoblotted  for  Hsp70.  Interestingly,  we  observed  an  increase  in 
basal  level  and  after  heat  shock  level  of  Hsp70  upon  p53  depletion.  (G)  Control  or  p53-depleted  cells  were  treated  with  6  Gy  IR  and  cultured  for  5  days.  Cells  were  collected 
6  h  after  heat  shock  and  immunoblotted  for  Hsp70.  Abbreviations:  C,  age-matched  healthy  control;  CT,  control. 
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diated  TIG-1  cells  showed  strong  activation  of  p53  pathway  (Fig.  1C),  as 
well  as  activation  of  p38MAPK  pathway  (Fig.  2A). 

To  further  characterize  the  role  of  the  p53  signaling  pathway  in  the 
suppression  of  HSR,  we  up  regulated  p53  without  DNA  damage  by  treat¬ 
ing  the  cells  with  1 0  |am  nutlin-3,  a  compound  that  stabilizes  and  activates 
p53  (Vassilev,  2004).  By  day  4,  early  passage  cells  exhibited  increased  p53 
and  p21  levels,  and  increased  SA- (3-gal  staining,  indicating  induction  of 
the  senescent  phenotype  (Fig.  S4A,B).  Induction  of  Hsp70  by  heat  shock 
was  strongly  reduced  in  cells  treated  with  nutlin-3  compared  to  control 
cells  (Fig.  ID),  indicating  that  upregulation  of  p53  and  downstream  acti¬ 
vation  of  the  DDS  even  without  DNA  damage  are  sufficient  for  the  HSR 
suppression. 

Then  we  sought  to  determine  the  effects  of  upregulating  p2 1 ,  a  down¬ 
stream  target  of  p53,  and  an  important  regulator  of  cell  senescence.  The 
p21  expression  by  retroviral  infection  in  early  passage  cells  led  to  the 
development  of  the  senescence  phenotype,  which  appeared  5-6  days 
after  retroviral  infection  (Fig.  S4A,B).  As  in  the  experiment  with  nutlin-3, 
expression  of  recombinant  p21  caused  significant  decrease  in  induction 
of  Hsp70  (Fig.  IE).  All  together,  these  results  demonstrated  that  pro¬ 
longed  activation  of  the  p53-p21  signaling  is  sufficient  to  suppress  the 
HSR,  (see  the  scheme  on  Fig.  61). 

To  test  the  possibility  that  inhibition  of  cell  cycle  suppresses  HSR,  we 
tested  HSR  in  cells  that  have  been  growth  arrested  at  G1  without  acti¬ 
vating  DDS  pathway,  and  without  senescence.  Accordingly,  early  pas¬ 
sage  TIG-1  was  treated  with  reversible  inhibitors  of  cyclin  D/CDK4  and 
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Fig.  2.  Activation  of  p38MAPK  in  DNA-damage-induced  senescence  contributes 
to  suppression  of  FHSR.  (A)  Early  passage  cells  were  pre-treated  with  p38MAPK 
inhibitor  SB  for  6  h  prior  to  1 0  Gy  IR.  After  IR,  cells  were  incubated  for  6  days 
before  collection.  Levels  of  p-p38  and  p-Hsp27  were  measured  by  immunoblotting. 
(B)  Hsp70  was  measured  after  heat  shock  in  cells  with  overexpression  of  pi  6.  (C) 
Same  cells  as  from  (A)  were  heat  shocked  and  incubated  for  6  h  before  collection. 
Addition  of  SB  led  to  partial  restoration  of  Hsp70  induction  level  after  heat  shock. 


6  complexes,  1  jam  of  CDK4  inhibitor  (2-Bromo-12,13-dihydro-5H-indo- 
lo[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H)-dione)  and  10  jam  of  CDK4/6 
inhibitor  IV  (trans-4-((6-(ethylamino)-2-((1  -(phenylmethyl)-l  H-indol-5- 
yl)amino)-4-pyrimidinyl)amino)-cyclohexanol).  After  3  days,  treatments 
with  either  inhibitor  led  to  G1  arrest  (as  judged  by  the  G1  reporter  (Sak- 
aue-Sawano  eta/.,  2008)  (Fig.  S5).  Similar  cell  cycle  arrest  was  seen  in 
cells  overexpressing  p21  or  treated  with  nutlin-3  (Fig.  S5).  However, 
unlike  the  latter,  cells  treated  with  CDK  inhibitors  did  not  demonstrate 
SA-p-gal  staining,  indicating  that  they  are  not  senescent  (Fig.  S6). 
Importantly,  these  growth-arrested  but  not  senescent  cells  showed  nor¬ 
mal  HSR  (Fig.  S7) 

To  examine  whether  the  p53-p21  signaling  was  necessary  for  suppres¬ 
sion  of  HSR  by  DDS,  we  depleted  either  of  these  proteins  by  retroviral 
shRNA  expression.  First,  p53-depleted  TIG-1  cells  were  treated  with  nut¬ 
lin-3,  as  described  earlier,  and  HSR  was  assessed.  p53  depletion  pre¬ 
vented  p21  accumulation  and  the  SA-|3-Gal  staining  (Fig.  S4A,C)  and 
prevented  suppression  of  HSR  following  exposure  to  nutlin-3  (Fig.  IF). 
Therefore,  the  inhibitory  effect  of  nutlin-3  on  HSR  requires  p53.  More 
importantly,  we  observed  reversion  of  HSR  suppression  in  cells  that  were 
exposed  to  IR  (Fig.  1G).  These  data  demonstrated  that  p53  is  an  impor¬ 
tant  factor  in  suppression  of  HSR  in  DNA-damage-induced  senescent 
cells.  Interestingly,  p53-depleted  fibroblasts  showed  both  higher  basal 
levels  of  Hsp70  and  enhanced  HSR  compared  to  control  empty-vector- 
infected  cells.  In  contrast,  depletion  of  p21  did  not  reverse  the  effect  of 
nutlin-3  on  HSR  (Fig.  S8),  while,  as  shown  earlier,  expression  of  recombi¬ 
nant  p21  had  effectively  suppressed  HSR.  This  apparent  contradiction 
indicated  that  p53  could  affect  HSR  both  via  p21 -dependent  and  p2 1  - 
independent  mechanisms.  The  p21  -independent  effect  of  p53  on  HSR 
could  result  from  the  crosstalk  between  the  p53  and  p38MAPK  path¬ 
ways.  In  fact,  we  observed  that  nutlin-3  treatment  alone  caused  activa¬ 
tion  of  p38MAPK  pathway  (Fig.  S9). 

As  such,  we  further  investigated  the  contribution  of  the  p38MAPK 
pathway  in  the  suppression  of  HSR.  In  addition  to  the  p53  pathway,  IR 
of  TIG-1  cells  activated  the  p38MAPK  signaling  pathway,  which  plays  a 
major  role  in  maintenance  of  senescent  phenotype  (Rodier  eta/.,  2009). 
By  day  5  following  exposure  to  10  Gy  IR,  we  observed  increased  phos¬ 
phorylation  of  p38MAPK  and  phosphorylation  of  its  substrate  Hsp27 
(Fig.  2A).  Activation  of  p38MAPK  led  to  the  activation  of  its  down¬ 
stream  target  NFkB,  as  measured  by  the  NFkB  luciferase  reporter 
(Fig.  S10A),  which  in  turn  caused  a  dramatic  rise  (8-  to  10-fold)  in 
mRNA  levels  of  IL-6  and  IL-8  cytokines  (Fig.  SI 0B),  which  are  necessary 
for  senescence  maintenance.  Another  downstream  target  of  the 
p38MAPK  pathway,  the  cyclin-dependent  kinase  inhibitor  pi  6,  was  also 
induced  in  TIG-1  cells  following  DNA  damage  (Fig.  S 1 1  A) .  In  line  with 
this  observation,  expression  of  recombinant  pi  6  led  to  an  increased  SA- 
(3-gal  staining  and  suppression  of  Hsp70  induction  (Fig.  2B;  Figs  S3B  and 
SI  IB). 

To  determine  the  role  of  p38MAPK  in  DDS-induced  HSR  downregula- 
tion,  we  tested  whether  this  downregulation  is  affected  by  inhibition  of 
p38MAPK  activity.  TIG-1  cells  were  exposed  to  10  Gy  IR  and  cultured  for 
6  days  in  the  presence  or  absence  of  specific  p38MAPK  inhibitor 
SB203580  (SB)  (Davies  et  al.,  2000).  SB  blocked  p38MAPK  kinase  activity 
induced  by  IR  as  demonstrated  by  suppression  of  Hsp27  phosphorylation 
and  IL-6  and  IL-8  transcription  (Fig.  2A;  Fig.  SI  0B).  Importantly,  inhibition 
of  p38MAPK  significantly  improved  HSR  in  IR-induced  senescent  cells 
(Fig.  2C).  Similar  to  the  effects  on  Hsp70  levels  after  p53  depletion, 
p38MAPK  inhibition  led  to  significant  increase  in  the  basal  levels  of 
Hsp70,  as  well.  Together  these  data  indicate  that  both  the  p53-p21  and 
p38MAPK-SASP  pathways  contribute  to  the  downregulation  of  the  HSR 
in  DDS-induced  senescence  (see  Fig.  61). 
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Role  of  SIRT1  in  regulation  of  Hsfl  in  senescence 

Next  we  explored  which  step  of  HSR  was  compromised  in  DDS-induced 
senescent  cells.  Activation  of  HSF1  and  its  binding  to  heat  shock  elements 
(HSE)  is  the  major  event  to  induce  the  transcription  of  Hsp70  and  other 
heat  shock  proteins.  To  assay  this  activity,  lentiviral  reporter  construct 
was  prepared  by  inserting  six  tandem  repeats  of  HSE  upstream  of  firefly 
luciferase  controlled  by  minimal  CMV  promoter.  To  control  efficiency  of 
infection,  along  with  the  HSE  luciferase  virus,  we  co-infected  the  cells 
with  retrovirus  expressing  GFP  under  the  constitutive  CMV  promoter. 
Accordingly,  the  ratio  between  HSE  luciferase  activity  and  GFP  expression 
represented  the  Hsfl  activity.  Luciferase  activity  increased  by  almost  30- 
fold  in  heat  shocked  cells  (Fig.  3A).  However,  Dox  or  IR  treatment  prior  to 
HS  dramatically  reduced  (by  65-80%)  the  Hsfl -dependent  luciferase 


activity  (Fig.  3A).  Moreover,  upregulation  of  one  of  the  elements  in  the 
DDS  pathways,  namely  p53,  p21  or  pi  6,  similarly  suppressed  the  Hsfl  - 
driven  luciferase  activity  (Fig.  3A).  Hence,  suppression  of  HSR  in  DDS- 
induced  senescence  is  caused  by  the  downregulation  of  Hsfl . 

Here  we  assessed  Hsfl  activity  and  its  levels.  The  histone  decetylase 
SIRT1  was  previously  shown  to  form  complex  with  Hsfl  during  heat  shock 
and  regulate  its  activity  (Westerheide  et  al.,  2009).  We  hypothesized  that 
in  senescent  TIG-1  fibroblasts,  Hsfl  transcriptional  activity  was  decreased 
because  of  reduced  association  with  SIRT1 . 

Accordingly,  we  expressed  FLAG-tagged  Hsfl  using  retroviral  expres¬ 
sion  system.  Hsfl  was  immunoprecipitated  (IP)  with  anti-FLAG  antibody 
from  lysates  of  heat-shocked  control  and  nutlin-3-treated  cells.  The 
amount  of  SIRT1  in  complex  with  Hsfl  assessed  by  immunoblotting  with 
anti-SIRTI  antibody  was  dramatically  reduced  in  nutlin-3-treated  fibro- 
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Fig.  3.  DNA-damage-induced  senescence  suppresses  Hsfl  activity  by  decreasing  SIRT1 .  (A)  TIG-1  fibroblasts  were  infected  with  the  HSE-luciferase  and  treated  with  1 00  nM 
Dox  overnight  and  cultured  for  6  days;  10  Gy  IR  and  cultured  for  6  days;  1 0  [im  nutlin-3  for  5  days  or  retroviral  expression  of  p21  or  pi  6  for  6  days.  After  heat  shock,  cells 
were  incubated  for  6  h  before  collection,  and  luciferase  activity  was  measured.  The  means  and  ±SEM  indicate  three  independent  experiments.  (B)  FLAG-tagged  wild-type 
Hsfl  was  expressed  with  retrovirus  in  TIG-1  fibroblasts  and  treated  with  10  pM  of  nutlin-3  for  5  days  to  induce  senescence  or  depleted  of  SIRT1  by  lentiviral  shRNA.  Cells  were 
collected  promptly  after  heat  shock  at  43  °C  for  1  h,  and  immunoprecipitated  with  anti-FLAG  antibody.  The  precipitates  were  immunoblotted  for  SIRT1 .  (C  and  D)  Early 
passage  TIG-1  fibroblasts  were  treated  as  in  (A)  and  immunoblotted  for  SIRT1 .  (E)  TIG-1  fibroblasts  exposed  to  conditions  mentioned  (A)  were  collected  for  RNA,  and  qRT-PCR 
was  performed  using  SIRT1  and  GAPDH  (housekeeping  gene  for  control)  mRNA-specific  primers.  The  means  and  ±SEM  are  from  three  independent  experiments.  (F)  SIRT1 
mRNA  half-life  was  measured  in  control  (CT)  and  nutlin-3-induced  senescent  cells  (Nut)  by  incubating  with  5  pg  mL-1  of  actinomycin  D  and  collecting  RNA  after  45  and 
90  min.  SIRT1  mRNA  was  normalized  for  GAPDH  mRNA.  The  means  and  ±SEM  were  calculated  from  triplicates  of  two  independent  experiments.  (G)  Early  passage  TIG-1 
fibroblasts  were  exposed  to  conditions  mentioned  in  (A),  and  HuR  protein  levels  were  measured  by  immunoblotting.  (H)  HuR  mRNA  levels  were  measured  by  qRT-PCR,  as  in 
(F).  The  means  and  ±SEM  are  from  three  independent  experiments.  (I)  Same  set  of  cells  as  in  Fig.  1(A)  were  immunoblotted  for  SIRT1  and  HuR. 
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blasts  compared  to  control  cells  (Fig.  3B).  This  reduction  was  associated 
with  significant  decrease  in  the  SIRT1  levels  (by  90%)  in  the  nutlin-3-trea- 
ted  cells  (Fig.  3C).  Similarly,  a  remarkable  decrease  in  the  SIRT1  levels  was 
observed  in  senescent  cells  induced  by  p21  or  pi  6  expression  and  in  cells 
subjected  to  IR  (Fig.  3D;  Fig.  S12A).  Thus,  upon  premature  senescence 
induced  by  DDS,  expression  levels  of  the  critical  Hsfl  regulator  SIRT1  are 
diminished. 

To  understand  how  SIRT1  is  downregulated  in  premature  senescence, 
we  compared  SIRT1  mRNA  levels  measured  by  qRT-PCR.  Indeed,  SIRT1 
mRNA  levels  were  reduced  by  60%  in  the  DDS-induced  senescent  cells 
compared  to  control  (Fig.  3E;  Fig.  S12B),  indicating  that  transition  to 
senescence  affects  either  SIRT1  transcription  or  stability  of  its  mRNA. 
We  further  assessed  decay  of  this  mRNA  following  addition  of  actino- 
mycin  D  to  inhibit  transcription.  SIRT1  mRNA  half-life  was  >5  h  in  con¬ 
trol  cells  while  in  nutlin-3-induced  senescent  cells,  half-life  dropped  to 
<45  min  (Fig.  3F).  This  indicated  that  the  reduction  in  the  SIRT1  levels 
in  prematurely  senescent  cells  is  associated  with  decreased  mRNA 
stability. 

Role  of  HuR  in  SIRT1  -mediated  regulation  of  Hsfl  activity  in 
senescence 

The  RNA  binding  protein  HuR  (ELAV1)  is  the  major  regulator  of  SIRT1 
mRNA  stability  (Abdelmohsen  eta/.,  2007).  Using  the  shRNA  approach, 
we  confirmed  that  depletion  of  HuR  in  TIG-1  cells  led  to  a  dramatic  drop 
in  SIRT1  levels  (Fig.  SI  3).  Because  HuR  levels  decrease  in  replicative  senes¬ 
cence  (Marasa  eta/.,  2010),  we  hypothesized  that  HuR  expression  may 
also  be  reduced  in  cells  that  underwent  senescence  in  response  to  DNA 
damage  signaling.  Indeed,  HuR  protein  levels  were  significantly  reduced 
in  TIG-1  cells  following  treatments  with  Dox,  IR  or  nutlin-3  as  well  as 
expression  of  p21  or  pi  6  (Fig.  3G;  Fig.  S14A).  In  all  these  models  of  pre¬ 
mature  senescence,  HuR  downregulation  resulted  from  decrease  in 
mRNA  levels  (Fig.  3H;  Fig.  SMB).  There  was  no  significant  change  in  half- 
life  of  HuR  mRNA  (Fig.  SI  5),  suggesting  that  effects  of  senescence  on 
HuR  were  mostly  because  of  transcription  inhibition. 

Furthermore,  as  shown  in  Fig.  31,  we  observed  a  dramatic  drop  of  both 
HuR  and  SIRT1  levels  in  WS  fibroblasts  suggesting  that  pathways  of 
suppression  of  the  HSR  are  similar  in  DDS-induced  senescence  and  in  the 
disease. 

Hsfl  levels  are  decreased  in  DNA-damage  signaling-induced 
senescence 

To  determine  the  contribution  of  SIRT1  in  the  HSR  regulation  in  TIG-1 
fibroblasts,  we  evaluated  effects  of  the  SIRT1  inhibitor  nicotinamide  on 
activity  on  Hsfl  in  early  passage  cells.  In  line  with  previous  reports,  SIRT1 
inhibition  led  to  nearly  40%  decrease  in  the  Hsfl  activity  measured  with 
the  HSE  luciferase  reporter  (Fig.  4A),  or  by  immunoblotting  for  Hsp70 
(Fig.  SI  6).  Similarly,  depletion  of  SIRT1  strongly  (by  60%)  inhibited  Hsfl 
activity  (Fig.  4A).  Analogous  effect  was  seen  in  cells  with  depleted  HuR 
(Fig.  4A),  demonstrating  that  the  HuR-SIRTI  pathway  regulates  Hsfl  in 
this  system.  Of  note,  treatment  with  nicotinamide  or  SIRT1  depletion  did 
not  cause  premature  senescence  as  measured  by  SA-(3-gal  or  p53  and 
p21  (Figs  SI  7  and  S18A,B). 

Beyond  regulating  Hsfl  activation,  depletion  of  either  HuR  or  SIRT1 
consistently  caused  reduction  (about  20%)  of  Hsfl  protein  levels,  sug¬ 
gesting  that  the  histone  deacetylase  activity  of  SIRT1  contributes  to  Hsfl 
expression  (Fig.  4B).  In  line  with  these  data,  we  discovered  that  Hsfl 
expression  levels  were  significantly  decreased  in  TIG-1  fibroblasts  treated 
with  DNA  damaging  agents  or  nutlin-3,  and  in  WS  fibroblasts  (Fig.  4B,C). 


In  contrast  to  senescent  fibroblasts,  lack  of  HSR  downregulation  in 
growth-arrested  fibroblasts  correlated  with  the  lack  of  downregulation  of 
HuR,  SIRT1,  and  Hsfl  (Fig.  SI  9).  Similar  correlation  was  seen  in  control 
and  hTERT-immortalized  WS  fibroblasts  (Fig.  S20).  These  data  further 
demonstrate  that  both  Hsfl  activity  and  the  levels  are  regulated  in  senes¬ 
cence  in  HuR-SIRTI -dependent  manner.  Importantly,  nutlin-3  treatment 
had  a  stronger  inhibitory  effect  on  HSF1  activity  (90%  inhibition)  and  lev¬ 
els  (40%  downregulation)  compared  to  SIRT1  or  HuR  depletions 
(Fig.  4A,B).  Furthermore,  combination  of  either  of  these  depletions  and 
nutlin-3  treatment  did  not  inhibit  the  HSR  beyond  the  inhibition  by 
nutlin-3  alone  (Fig.  4A,B).  These  results  indicate  that  nutlin-3  treatment 
downregulates  Hsfl  via  both  HuR-SIRTI -dependent  and  HuR-SIRTI - 
independent  mechanisms,  and  the  latter  mechanism(s)  is  likely  to  affect 
Hsfl  levels. 

The  effects  of  nutlin-3  on  HSR  were  associated  with  reduction  of  the 
Hsfl  mRNA  (Fig.  4D),  but  not  the  stability  of  mRNA  (Fig.  4E)  or  protein 
(not  shown).  Taken  together,  these  results  demonstrate  that  the  stress- 
induced  senescence  downregulates  Hsfl  via  multiple  mechanisms, 
including  HuR-SIRTI  pathway,  which  ultimately  leads  to  suppression  of 
the  HSR  (see  Fig.  61). 

Major  DNA-damage  signaling  pathways  are  involved  in 
regulation  of  HuR,  SIRT1,  and  Hsfl 

As  DDS-induced  senescence  led  to  decreased  HuR-SIRTI -Hsfl  levels, 
we  tested  whether  inhibition  of  either  p53  or  p38MAPK  pathways  can 
restore  levels  of  HuR-SIRTI  and  expression  of  Hsfl.  Depletion  of  p53 
significantly  increased  the  levels  of  HuR,  SIRT1  and  Hsfl  in  naive  cells. 
Moreover,  p53  depletion  averted  downregulation  of  the  levels  of  these 
proteins  after  nutlin-3  or  IR  treatments  (Fig.  4F;  Fig.  S21),  indicating 
that  p53  significantly  contributed  to  the  suppression  of  the  HuR-SIRTI- 
Hsfl  pathway  in  senescence  (see  Fig.  61).  Similarly,  we  inhibited  the 
p38MAPK  pathway  with  SB  and  tested  HuR,  SIRT1  and  Hsfl  levels. 
Cells  were  treated  with  nutlin-3  or  Dox  with  or  without  SB,  Dox  was 
removed  after  2  days,  and  all  samples  were  grown  for  5  days.  Fig¬ 
ure  4G  and  Figure  S22(A)  show  that  inhibition  of  p38MAPK  increased 
the  levels  of  HuR,  SIRT1  and  Hsfl  in  naive  cells  and  partially  restored 
these  levels  in  DDS-induced  senescent  cells.  In  line  with  these  data,  we 
observed  restoration  of  levels  of  Hsp70  (Fig.  S22B,C),  which  further 
indicated  that  HuR-SIRTI -Hsfl  pathway  can  be  regulated  by  the 
p38MAPK-SASP  signaling  (see  Fig.  61). 

To  investigate  the  relevance  of  these  findings  to  the  disease,  we  asked 
whether  HuR-SIRTI -Hsfl  pathway  can  be  restored  in  WS  fibroblasts  by 
the  p38MAPK  inhibition.  This  possibility  was  in  line  with  the  previously 
published  study  showing  that  extended  inhibition  of  p38MAPK  improved 
proliferation  and  reduced  indicators  of  premature  senescence  in  WS 
fibroblasts  (Fleming  etal.,  2005).  We  observed  that  incubation  of  WS 
fibroblasts  with  SB  for  24  days  led  to  a  restoration  of  the  levels  of  HuR, 
SIRT1  and  Hsfl  (Fig.  4H).  In  these  cells,  we  also  observed  an  impressive 
restoration  of  HSR  measured  by  induction  of  Hsp70  (Fig.  41).  These  data 
indicate  that  the  p38MAPK-SASP  pathway  contributes  to  suppression  of 
Hur— SIRT 1  —Hsfl  pathway  in  WS. 

HSF1  regulates  HuR-SIRTI  pathway  via  a  positive  feedback 

Using  C.  elegans,  it  was  demonstrated  that  Hsfl  plays  a  major  role  in  pro¬ 
gression  of  aging:  knockdown  of  Hsfl  accelerated  this  process,  while  over¬ 
expression  delayed  it  (Hsu  etal.,  2003;  Ben-Zvi  etal.,  2009;  Anckar  & 
Sistonen,  201 0).  The  finding  that  SIRT  1  is  involved  in  the  regulation  of  Hsfl 
in  senescence  suggests  that  Hsfl  may  act  downstream  and  contribute  to 
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Fig.  4.  Decrease  in  Hsfl  level  in  senescence  is  related  to  SIRT1  downregulation.  (A)  HSE-luciferase  lentiviral  construct  was  expressed  in  early  passage  cells  and  treated  with 
5  itim  NAM  overnight,  nutlin-3  for  5  days,  or  infected  with  shRNA  for  SIRT1  or  HuR.  After  heat  shock,  cells  were  incubated  for  6  h  before  collection,  and  luciferase  activity  was 
measured.  The  means  and  ±SEM  indicate  three  independent  experiments.  (B)  Control  vector  or  lentiviral  shRNA  for  either  SIRT 1  or  HuR  was  expressed  in  early  passage  TIG-1 
fibroblasts.  Cells  were  selected  with  puromycin  and  treated  with  1 0  jam  nutlin-3  for  5  days.  Levels  of  Hsfl  were  measured  by  immunoblotting.  (C)  Lysates  of  cells  described  in 
Fig.  1(A,B)  were  immunoblotted  for  Hsfl .  (D)  Early  passage  TIG-1  fibroblasts  were  treated  with  nutlin-3  to  induce  senescence.  Cells  were  collected  and  Hsfl  mRNA  levels 
were  measured  by  qRT-PCR.  (E)  Hsfl  mRNA  half-life  was  analyzed  as  in  Fig.  3E.  The  means  and  ±SEM  were  calculated  from  triplicates  of  two  independent  experiments.  (F) 
Early  passage  cells  were  infected  with  retroviral  empty  vector  or  shRNA  against  p53  and  then  treated  with  1 0  jam  nutlin-3  for  5  additional  days.  Cells  lysates  were 
immunoblotted  for  HuR,  SIRT1 ,  and  Hsfl .  (G)  Early  passage  cells  were  incubated  with  10  jam  SB  and  1 0  |am  nutlin-3  for  5  days,  and  levels  of  HuR,  SIRT1 ,  and  Hsfl  were 
measured.  (H)  10  \xm  of  SB  was  added  for  24  days  to  WS  fibroblasts,  and  levels  of  HuR,  SIRT1  and  Hsfl  were  measured.  (I)  10  jam  of  SB  was  added  for  24  days  to  WS 
fibroblasts  and  heat  shocked  for  35  min  at  43  °C.  After  6  h  incubation,  cells  were  collected  and  immunoblotted  for  Hsp70. 


anti-aging  effects  of  SIRT1 .  Alternatively,  there  may  be  bi-directional  rela¬ 
tionship  between  SIRT  1  and  Hsfl .  To  address  these  possibilities,  we  tested 
the  effects  of  Hsfl  depletion  on  the  levels  of  SIRT  1 .  Indeed,  depletion  of 
Hsfl  caused  a  decrease  in  SIRT1  protein  levels  by  60%  and  its  mRNA  levels 
by  50%,  similar  to  the  effects  seen  in  the  senescent  cells  (Fig.  5A,B).  Fur¬ 
thermore,  similar  to  its  effects  on  SIRT  1 ,  Hsfl  depletion  caused  a  dramatic 


decrease  in  both  protein  and  mRNA  levels  of  HuR  (Fig.  5A,B).  Thus,  Hsfl 
regulates  the  Hu R-SIRT1  pathway  (see  Fig.  61). 

To  investigate  whether  the  discovered  Hsfl  signaling  occurs  in  vivo, 
we  compared  the  levels  of  HuR  and  SIRT1  in  wild-type  and  Hsfl  null 
mice.  Twelve  months  old  Hsfl  null  mice  and  age-matched  controls 
were  sacrificed,  and  protein  and  mRNA  levels  of  SIRT1  and  HuR  were 
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Fig.  5.  Hsfl  depletion  downregulates  SIRT1  and  HuR.  (A)  Retroviral  control  or  Hsfl  shRNA  were  expressed  in  early  passage  TIG-1  fibroblasts.  Puromycin  selected  cells  were 
treated  with  nutlin-3  for  5  days  to  induce  senescence.  Levels  of  SIRT1  and  HuR  were  measured  by  immunoblotting.  (B)  Levels  of  SIRT1  and  HuR  mRNA  were  measured  in  cells 
described  in  (A).  (C  and  D)  Brain  and  soleus  muscles  were  harvested  from  12  months  old  Hsfl  null  (-/-)  mice  (n  =  2)  and  age-matched  control  mice  (n  =  3)  and  preserved  in 
RNA  stable  buffer.  RNAfrom  whole  brain  and  soleus  muscle  were  isolated,  and  qRT-PCR  was  performed  with  mouse  HuR-,  SIRT1-,  and  GAPDH-specific  primers.  (E)  SIRT1  and 
HuR  protein  levels  were  measured  by  immunoblotting  in  samples  used  in  C  and  D. 


assessed  in  various  tissues.  Indeed,  the  levels  of  both  SIRT1  and  HuR 
mRNA  in  brain  and  muscle  were  significantly  decreased  in  the  Hsfl 
null  mice  compared  to  the  wild-type  animals  (Fig.  5C,D).  Consistent 
with  the  mRNA  results,  Hsfl  knockout  strongly  decreased  the  levels 
of  HuR  and  SIRT1  protein  in  the  muscle  and  to  a  lesser  degree  in  the 
brain  (Fig.  5E).  These  data  demonstrate  that  feedback  regulation  of 
SIRT1  and  HuR  by  Hsfl  occurs  at  the  level  of  organisms. 

Altogether  these  data  demonstrate  that  decrease  in  HuR-SIRTI  leads 
to  the  suppression  of  Hsfl,  while  Hsfl  suppression  in  turn  causes 
downregulation  of  HuR  and  SIRT1,  thus  creating  a  positive  feedback 
loop. 


Hsfl  plays  a  role  in  regulation  of  DNA-damage 
signaling-induced  senescence 

How  does  Hsfl  signal  back  to  regulate  HuR  and  SIRT1  levels?  Because 
the  effects  of  HSF1  depletion  on  SIRT  were  similar  to  those  seen  in 
DDS-induced  senescence,  we  explored  effects  of  Hsfl  on  p53  and 
p38MAPK  signaling  pathways  upstream  of  SIRT1  and  on  overall  senes¬ 
cence  development.  We  found  that  depletion  of  Hsfl  increased  a  frac¬ 
tion  of  SA-p-gal-positive  cells,  similar  to  the  one  observed  after  nultin- 
3  treatment  (Fig.  6A).  Moreover,  Hsfl  depletion  caused  senescence 
associated  heterochromatin  foci  formation,  further  evidencing 
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Fig.  6.  Changes  in  Hsfl  levels  modulate  senescence  phenotype.  Retroviral  control  or  shRNA  for  Hsfl  and/or  p53  were  expressed  in  early  passage  TIG-1  fibroblasts  and 
selected  with  puromycin.  The  1 0  [im  nutlin-3  was  added  for  5  days.  (A)  Cells  were  fixed  and  stained  with  SA-p-gal.  The  means  and  ±SD  are  from  two  independent 
experiments  with  1 50  cell  counts  from  four  different  fields.  Cells  were  counted  using  images  taken  from  bright  phase  microscope.  (B)  p53  and  p2 1  were  measured  in  Hsfl  - 
depleted  and  nutlin-3-treated  cells.  (C)  Control  and  Hsfl  -depleted  cells  were  treated  with  SB.  The  levels  of  p38MAPK  and  Hsp27  phosphorylation  were  measured  by 
immunoblotting.  (D)  Effects  of  Hsfl  depletion  on  NF-kB.  Cells  were  first  infected  with  lentiviral  NFkB  luciferase  reporter  and  then  with  retroviral  empty  vector  or  shRNA 
against  Hsfl .  First  lane  indicates  basal  luciferase  activity  reading  without  retroviral  infection.  (E)  Control  or  Hsfl  -depleted  cells  were  treated  with  1 0  |um  nutlin-3,  SB  or  vehicle 
for  additional  5  days  and  IL-6  mRNA  was  measured.  The  mean  and  ±SEM  were  of  three  independent  experiments.  (F)  Control  of  Hsfl  -overexpressing  cells  were  treated  with 
10  Gy  IR  and  cultured  for  6  days,  and  immunoblotted  for  indicated  proteins.  (G)  IL-6  mRNA  was  measured  in  the  same  set  of  cells  as  in  (F).  The  mean  and  ±SEM  were  from 
triplicates  of  two  independent  experiments.  (H)  Control  of  Hsfl  -overexpressing  cells  was  treated  with  8  Gy  IR  and  cultured  for  6  days,  then  fixed  and  stained  with  SA-p-gal. 
The  means  and  ±SD  are  from  two  independent  experiments  with  1 50  cell  counts  from  four  different  fields.  Cells  were  counted  using  images  taken  from  bright  phase 
microscope.  (I)  A  model  of  relations  between  Hsfl  and  senescence  pathways.  Radiation  or  DNA  damage  in  WS  causes  activation  of  p53  and  p38MAPK  pathways.  p53  induces 
p21  which  activates  senescence.  Activation  of  p38MAPK  stimulates  NFkB  pathway,  which  maintains  senescence  by  increased  production  of  SASP  cytokines.  Established 
senescence  causes  decrease  in  HuR,  SIRT 1 ,  and  Hsfl .  Downregulation  of  Hsfl  in  a  feedback  loop  inhibits  p38MAPK,  which  further  promotes  senescence  and  reduces  levels  of 
HuRand  SIRT1 . 


senescence  (Fig.  S23).  Importantly,  depletion  of  p53  did  not  reverse 
SA-p-gal  staining  caused  by  Hsfl  depletion  (Fig.  6A).  Furthermore, 
even  though  we  observed  an  upregulation  of  p53  and  p21  in  Hsfl  - 
depleted  cells,  their  levels  were  significantly  lower  than  the  levels  seen 
in  DDS-induced  senescent  cells  (Fig.  6B).  These  data  suggested  that 


the  development  of  the  senescence  phenotype  in  Hsfl  depleted  cells 
was  independent  of  p53  activity  and  that  the  alternative  p38MAPK- 
SASP  pathway  may  be  an  important  contributor  to  the  feedback  loop. 
As  an  indicator  of  p38MAPK  pathway  activation,  levels  of  pi 6  were 
elevated  after  Hsfl  depletion  (Fig.  6B). 


©  2012  The  Authors 

Aging  Cell  ©  2012  Blackwell  Publishing  Ltd/Anatomical  Society  of  Great  Britain  and  Ireland 


Role  of  Hsfl  in  senescence,  G.  Kim  eta/.  625 


To  test  whether  senescence  in  Hsfl  depletion  was  mediated  by 
increased  p38MAPK  activity  and  SASP,  we  explored  the  role  of  Hsfl  in 
regulation  of  this  pathway.  Previously,  it  has  been  demonstrated  that 
Hsfl  can  regulate  IL-6  and  other  chemokines  and  that  LPS-stimulated  lev¬ 
els  of  IL-6  were  higher  in  Hsfl  knockout  mice  than  in  wild-type  mice  (Takii 
etal.,  2010).  Here,  we  observed  a  strong  increase  in  p38MAPK  activity 
after  Hsfl  depletion,  measured  by  both  phosphorylation  of  p38MAPK 
and  phosphorylation  of  its  substrate  Hsp27  (Fig.  6C).  This  activation  was 
comparable  to  the  activation  of  p38MAPK  by  nutlin-3  (Fig.  S24).  Further¬ 
more,  the  levels  of  IkB  phosphorylation,  which  indicate  activation  of 
NFkB,  as  well  as  NFkB  firefly  luciferase  reporter  activity  were  increased 
significantly  upon  Hsfl  depletion  (Fig.  6D;  Fig.  S25).  As  a  corollary,  we 
detected  significantly  increased  transcription  of  NFkB  target  IL-6  (Fig.  6E). 
Interestingly,  treatment  with  the  p38MAPK  inhibitor  SB  partially  reversed 
SA-p-gal  staining  following  Hsfl  depletion  (Fig.  S26).  These  data  indicate 
that  downregulation  of  Hsfl  following  DNA  damage  signals  back  to  the 
p38MAPK-SASP  pathway  to  facilitate  the  maintenance  of  senescence 
(see  Fig.  61). 

To  further  explore  the  role  of  Hsfl  in  control  of  DDS-induced  senes¬ 
cence  pathways,  we  tested  whether  Hsfl  can  suppress  the  activation  of 
the  p38MAPK-SASP  pathway  and  the  establishment  of  senescence  phe¬ 
notype  after  DNA  damaging  stress.  Accordingly,  we  stably  expressed 
FLAG-tagged  Hsfl  in  early  passage  TIG-1  cells  using  retroviral  expression 
system  and  exposed  them  to  IR.  As  a  control,  we  used  TIG-1  cells  express¬ 
ing  an  empty  vector.  Hsfl  strongly  suppressed  the  IR-induced  activation 
of  p38MAPK,  measured  by  reduced  phosphorylation  levels  of  both 
p38MAPK  and  Hsp27  (Fig.  6F).  Similarly,  it  strongly  inhibited  production 
of  IL-6  and  IL-8  in  the  cells  exposed  to  radiation  (Fig.  6G;  Fig.  S27).  These 
effects  culminated  in  suppression  of  the  DDS-induced  senescence.  In  fact, 
we  observed  about  40%  decrease  in  the  fraction  of  SA-|3-gal-positive 
cells  in  the  irradiated  samples  (Fig.  6H).  Taken  together,  these  data  dem¬ 
onstrate  that  Hsfl  plays  an  important  role  in  DDS-induced  senescence 
signaling  via  a  positive  feedback  loop  to  regulate  p38MAPK-SASP  path¬ 
way  (see  Fig.  61). 

Discussion 

This  investigation  provided  an  insight  into  the  mechanisms  of  HSR 
suppression  in  DDS-induced  senescence,  including  the  multiple  levels 
of  Hsfl  regulation.  Our  data  demonstrate  that  in  prematurely  senes¬ 
cent  cells  from  patients  with  WS,  the  suppression  of  HSR  is  caused  by 
DDS.  Moreover,  the  activation  of  DDR  signaling  that  induces  senes¬ 
cence  in  early  passage  cells  leads  to  significant  downregulation  of 
Hsfl  levels  and  activity.  Here,  in  the  first  endeavor  to  understand  the 
effects  of  senescence  signaling  on  HSR,  we  demonstrated  that  both 
p53-p21  and  p38MAPK-SASP  pathways  significantly  contribute  to 
regulation  of  Hsfl.  Both  pathways  affect  Hsfl  activity  and  levels  in 
large  part  via  regulation  of  SIRT1  levels,  which  in  turn  are  controlled 
by  the  translation  regulator  HuR  (see  Fig.  61).  These  effects  were  seen 
both  in  normal  fibroblasts  exposed  to  DNA  damage  and  in  fibroblasts 
from  patients  with  WS. 

A  significant  advance  in  this  work  is  the  finding  that  SIRT1  and  Hsfl 
regulate  each  other  in  a  positive  feedback  loop.  In  fact,  depletion  of 
SIRT1  or  HuR  caused  downregulation  of  Hsfl,  while  depletion  of  Hsfl 
caused  downregulation  of  HuR  and  SIRT1.  As  SIRT1  and  Hsfl  were 
implicated  in  aging,  these  feedback  relations  may  explain  multiple 
effects  of  both  proteins  on  the  aging  process.  Importantly,  the  discov¬ 
ery  of  the  same  regulation  in  tissues  of  Hsfl  knockout  mice  enables 
us  to  extrapolate  the  implications  of  DNA  damage  at  the  cellular  level 
to  an  organismal  level. 


This  study  also  established  the  role  of  Hsfl  in  regulation  of  the  senes¬ 
cence-associated  secretory  phenotype.  SASP  represents  a  chronic  inflam¬ 
matory  response,  some  components  of  which,  for  example,  IL-6  or  IL-1, 
were  reported  to  control  cell  senescence.  Here,  we  indeed  demonstrate 
that  one  of  the  endpoints  of  SASP  is  downregulation  of  HuR-SIRTI ,  and 
subsequent  downregulation  of  Hsfl.  In  line  with  these  data,  chronic 
inflammation  mediated  by  p38MAPK  was  reported  to  play  an  important 
role  in  cessation  of  growth  of  WS  fibroblasts,  and  possibly  the  overall 
acceleration  of  aging  of  patients  with  WS  (Davis  eta/.,  2005).  Here  we 
found  that  inhibition  of  p38MAPK  partially  restores  Hsfl,  as  well  as  HuR 
and  SIRT1.  It  is  possible  that  such  restoration  may  significantly  improve 
patients'  conditions. 

Previously  it  was  reported  that  the  transcription  factor  C/EBPp,  which 
responds  to  SASP,  can  directly  inhibit  Hsfl  in  human  monocytes  (Xie 
et  al.,  2002).  In  our  system,  effects  of  SASP  are  certainly  distinct,  because 
we  could  not  detect  significant  effects  of  C/EBPp  depletion  on  Hsfl  activ¬ 
ity  (not  shown),  even  though  SASP  was  clearly  associated  with  downregu¬ 
lation  of  HuR-SIRTI  axis. 

Importantly,  the  feedback  regulation  of  HuR-SIRTI  upon  Hsfl  deple¬ 
tion  is  mediated  by  the  p38MAPK-SASP  pathway.  This  finding  is  consis¬ 
tent  with  previous  reports  that  suggest  enhanced  inflammatory  response 
in  Hsfl  knockout  animals  (McMillan  et  al.,  1 998).  In  fact,  such  mice  were 
more  sensitive  to  LPS,  and  demonstrated  stronger  upregulation  of  TNF  in 
response  to  LPS  (Xiao  et  al.,  1999;  Takii  et  al.,  2010).  In  this  study,  we 
have  found  the  inextricable  link  between  pro-inflammatory  cytokines  and 
Hsfl  activity.  In  addition  to  keeping  the  proteome  in  balance,  Hsfl  pre¬ 
vents  establishment  of  microenvironment  that  adversely  affects  the 
organism.  This  study  introduces  a  novel  perspective  on  the  relations 
between  proteostasis  and  aging.  Previous  reports  indicated  the  necessity 
of  functional  Hsfl  in  extension  of  lifespan  or  in  decreasing  onset  of  pro¬ 
tein  misfolding  diseases,  implicating  the  importance  of  proteostasis  in 
these  conditions.  On  the  other  hand,  as  pro-inflammatory  cytokines, 
especially  IL-6  has  been  linked  to  age-related  diseases  and  certain  types  of 
cancer,  our  findings  indicate  that  at  least  in  part  effects  of  Hsfl  could  be 
associated  with  regulation  of  signaling  pathways  involved  in  chronic 
inflammation. 

A  significant  finding  in  this  work  is  that  Hsfl  by  the  feedback  signaling 
can  suppress  cell  senescence.  In  fact,  depletion  of  Hsfl  facilitated  senes¬ 
cence,  while  overexpression  of  Hsfl  reduced  DNA-damage-induced 
senescence.  In  other  words,  DDS  via  downregulation  of  HuR-SIRTI  path¬ 
way  suppresses  Hsfl,  which  in  turn  enhances  the  p38MAPK-SASP  path¬ 
way,  thus  supporting  chronic  inflammation  and  senescence  phenotype 
(Fig.  61).  These  findings  uncover  unexpected  relations  between  the  DNA 
damage  and  proteostasis;  in  normal  cells,  the  proteostasis  regulator  Hsfl 
controls  cessation  of  proliferation  of  cells  with  damaged  DNA.  It  is  con¬ 
ceivable  that  failure  of  this  control  in  cancer  cells  contribute  to  the  loss  of 
growth  cessation  of  cells  with  DNA  damage/instability. 

List  Of  abbreviations:  HSR-  heat  shock  response;  DDS -DNA 
damage-induced  signaling;  SASP  -  senescence-associated  secretion 
phenotype;  WS  -  Werner  Syndrome;  Dox  -  doxorubicin;  IR  -  y-irradiation; 
SA-b-gal  -  senescence-associated  b-galactosidase  activity;  HSE  -  heat 
shock  elements;  SB  -  SB203580  compound. 
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Supporting  information 

Additional  supporting  information  may  be  found  in  the  online  version  of 
this  article: 

Data  SI  Materials  and  methods. 

Fig.  SI  Werner  Syndrome  fibroblasts  (passage  4)  exhibited  prematurely 
senescent  phenotype  when  compared  to  age  matched  controls  (passage 
15). 

Fig.  S2  HSR  was  compared  in  two  lines  of  hTERT-immortalized  control 
(CT1  and  CT2)  and  WS  (WS1  and  WS2)  fibroblasts.  Cells  were  exposed  to 
heat  shock  and  immunoblotted  for  Hsp70.  The  normalized  density  of  the 
Hsp70  band  is  shown  below. 

Fig.  S3  (A)  Early  passage  TIG-1  fibroblasts  were  treated  with  10  Gy  IR  and 
cultured  for  6  days.  Cells  were  fixed,  stained  with  rabbit  anti-Ki-67  anti¬ 
body  and  anti-rabbit  IgG  conjugated  with  Texas-Red  secondary  antibody. 
Images  were  acquired  with  Axiovert  200  (Carl  Zeiss,  Oberkochen,  Germany) 
microscope  with  an  xlOO  objective  using  the  manufacturer's  software. 
Radiation  decreased  %  of  cells  with  Ki-67  staining.  (B)  Early  passage  cells 
were  treated  with  100  nM  Dox  or  10  Gy  IR  and  cultured  for  5  additional 
days.  DNA  damage  caused  increased  SA-p-gal  staining. 

Fig.  S4  Cells  were  infected  with  empty  vector,  retroviral  shRNA  for  p53  or 
recombinant  p21.  Two  days  post  infection,  10  |im  nutlin-3  was  added  for 
additional  5  days.  (A)  nutlin-3  treatment  or  expression  of  p21  caused 
increased  staining  with  SA-p-gal,  whereas  p53  depletion  prevented  staining 
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in  nutlin-3  treated  cells.  (B)  Nutlin-3  treatment  led  to  accumulation  p53 
and  p21  without  directly  causing  DNA  damage,  and  did  not  cause  pi 6 
upregulation.  (C)  Depletion  of  p53  prevented  p21  accumulation  after  nut¬ 
lin-3  or  6  Gy  IR  treatment. 

Fig.  S5  Early  passage  TIG-1  was  infected  with  empty  vector  or  p21  retrovi¬ 
rus.  Next  day,  vector  expressing  cells  were  treated  with  10  jam  of  nultin-3 
for  3  days  or  left  untreated.  Then  all  cells  were  infected  with  lentiviral  cell 
cycle  reporters,  green  fluorescent  tagged  mutant  Cdt  for  G1  and  red 
fluorescent  tagged  mutant  Geminin  for  G2.  Next  day,  untreated  vector  cells 
were  exposed  to  1  |j,m  CDK4  inhibitor  or  10  |am  CDK4/6  inhibitor  IV.  After 
3  days,  cells  were  fixed.  Fluorescent  cells  under  RFP  indicate  G2  and  FITC 
indicate  G1 . 

Fig.  S6  Cells  treated  with  1  \im  CDK4  inhibitor  or  10  |am  CDK4/6  inhibitor 
IV  for  3  days  were  fixed  and  stained  with  SA-(3-gal. 

Fig.  S7  Same  cells  from  S6  and  nutlin-3  treated  cells  were  collected  6  h 
after  heat  shock  and  immunoblotted  for  Hsp70. 

Fig.  S8  Early  passage  TIG-1  was  infected  with  empty  vector  or  shRNA 
against  p21  and  2  days  later  treated  with  10  |im  nutlin-3.  p21  depletion 
did  not  restore  the  level  of  Hsp70  accumulation  after  nutlin-3. 

Fig.  S9  Cells  treated  with  nutlin-3  was  incubated  with  or  without  10  ^im  SB 
for  5  days.  Cell  lysates  were  immunoblotted  for  phosphorylated  forms  of 
p38MAPK  and  Hsp27. 

Fig.  S10  (A)  Cells  with  lentiviral  NFkB  luciferase  reporter  was  treated  with 
10  Gy  IR  and  3  days  later  infected  with  either  lentiviral  empty  vector  or 
shRelA  and  selected.  6  days  after  IR,  cells  were  collected  for  luciferase 
assay.  The  means  and  ±SEM  indicate  three  independent  experiments.  (B) 
Cells  treated  as  (A)  were  collected  for  RNA.  qRT-PCR  was  performed  using 
IL-6,  IL-8  and  GAPDH  mRNA.  IL-6  and  IL-8  mRNA  dramatically  increased  in 
IR  treated  cells  and  SB  inhibited  the  induction.  The  mean  and  ±SEM  were 
from  triplicates  of  two  independent  experiments. 

Fig.  S11  (A)  Cells  treated  with  10  Gy  IR  was  lysed  and  immunoblotted  for 
pi  6.  IR  increased  pi  6  levels.  (B)  Same  cells  as  (A)  were  fixed  and  stained 
for  SA-pgal. 

Fig.  SI 2  (A)  Cells  were  treated  with  100  nM  Dox  overnight  and  cultured 
for  6  days  or  retroviral  expression  of  p21  or  pi  6  for  6  days,  and  immunob¬ 
lotted  for  SIRT1.  SIRT1  decreased  after  DNA  damage  induced  senescence. 
(B)  Same  set  of  cells  as  (A)  were  collected  for  RNA  and  qRT-PCR  was  per¬ 
formed  using  SIRT1  and  GAPDH  (housekeeping  gene  for  control)  mRNA 
specific  primers.  As  in  protein,  SIRT1  mRNA  was  significantly  decreased  in 
senescent  cells.  The  means  and  ±SEM  are  from  three  independent  experi¬ 
ments.  Abbreviations:  CT,  control;  Vec,  vector. 

Fig.  SI 3  Early  passage  TIG-1  was  infected  with  lentiviral  empty  vector  or 
shRNAs  against  HuR  and  SIRT1.  Two  days  post  infection,  10  |am  nutlin-3 
was  added  for  additional  5  days.  Nutlin-3  treatment  alone  decreased  SIRT1 
and  HuR.  HuR  depletion  caused  SIRT1  decrease,  whereas  SIRT1  depletion 
did  not  cause  HuR  decrease  (not  shown). 

Fig.  S14  (A)  Cells  were  treated  with  100  nM  Dox  overnight  and  cultured 
for  6  days  or  retroviral  expression  of  p21  or  pi  6  for  6  days,  and  immunob¬ 
lotted  for  HuR.  HuR  decreased  after  DNA  damage  induced  senescence. 
(B)  Same  set  of  cells  as  (A)  were  collected  for  RNA  and  qRT-PCR  was 
performed  using  HuR  and  GAPDH  (housekeeping  gene  for  control)  mRNA 
specific  primers.  As  in  protein,  HuR  mRNA  was  significantly  decreased  in 
senescent  cells.  The  means  and  ±SEM  are  from  three  independent  experi¬ 
ments.  Abbreviations:  CT,  control;  Vec,  vector. 

Fig.  S15  HuR  mRNA  half-life  was  measured  in  control  and  nutlin-3  induced 
senescent  cells  by  incubating  with  5  |ag  ml_-1  of  actinomycin  D  and  collect¬ 
ing  RNA  after  45  and  90  min.  HuR  and  GAPDH  mRNA  were  measured 
qRT-PCR  and  normalized  by  GAPDH  mRNA.  Data  is  represented  by  percent¬ 
age  of  HuR  mRNA  measured  at  time  0  min  (prior  to  adding  actinomycin  D), 
in  semi-logorithmic  scale.  Half-life  is  calculated  as  time  need  for  50% 
reduction  of  mRNA.  The  means  and  ±SEM  was  calculated  from  triplicates 
of  two  independent  experiments. 


Fig.  S16  Early  passage  TIG-1  was  treated  with  10  |im  nutlin-3  for  5  days 
and  5  itim  nicotinamide  was  added  overnight  before  heat  shock.  Cell 
lysates  were  immunoblotted  for  Hsp70.  Nicotinamide  suppressed  Hsp70 
induction  in  early  TIG-1  fibroblasts  as  nutlin-3  treatment. 

Fig.  S17  Cells  from  SI 6  were  immunoblotted  for  HuR,  SIRT1,  p53  and 
p21 .  Overnight  nicotinamide  treatment  did  not  cause  decrease  HuR  and 
SIRT1,  and  did  not  induce  senescence  by  p53-p21. 

Fig.  S18  (A)  Early  passage  TIG-1  was  infected  with  lentiviral  shRNA  against 
SIRT1  and  2  days  later  incubated  with  10  |j,m  nutlin-3  for  5  additional  days. 
SIRT1  depletion  alone  did  not  cause  increase  in  p53  and  p21.  (B)  Same  set 
of  cells  as  (A)  were  fixed  and  stained  with  SA-(3-gal.  SIRT1  depletion  alone 
did  not  cause  increased  staining  of  SA-(3-gal. 

Fig.  S19  Same  set  of  cells  as  S7  were  probed  for  SIRT1,  HuR  and  Hsfl. 

Fig.  S20  Same  set  of  cells  as  S2  were  probed  for  SIRT1,  HuR  and  Hsfl. 

Fig.  S21  TIG-1  cells  were  infected  with  retroviral  empty  vector  or  shRNA 
against  p53  and  treated  with  6  Gy  IR.  After  5  days  post  IR,  cells  were  lysed 
and  immunoblotted  for  HuR,  SIRT1  and  Hsfl.  p53  depletion  increased  basal 
level  of  HuR,  SIRT1  and  Hsfl,  and  prevented  senescence  associated 
decrease  of  those  proteins. 

Fig.  S22  (A)  Early  passage  cells  were  pre-incubated  with  10  |j,m  SB  for  6  h 
then  co-incubated  with  100  nM  Dox  for  2  days.  After  removing  Dox,  SB 
was  added  for  the  additional  4  days.  Administration  of  SB  to  Dox  treated 
cells  led  to  partial  restoration  of  HuR,  SIRT1  and  Hsfl.  (B)  Same  set  of  cells 
as  (A)  were  heat  shocked  and  incubated  for  6  h  before  collection  for 
immunoblotting  for  Hsp70.  Administration  of  SB  to  Dox  treated  cells  led  to 
partial  restoration  of  Hsp70  induction.  (C)  Early  passage  cells  were  incu¬ 
bated  with  10|im  SB  and  10  hm  nutlin-3  for  5  days.  Cells  were  heat 
shocked  the  incubated  for  6  h  before  collection  for  immunoblotting  for 
hsp70.  Concomitant  administration  of  SB  and  nutlin-3  led  to  partial  restora¬ 
tion  of  Hsp70  induction.  Abbreviations:  CT,  control;  Nut,  Nutlin-3. 

Fig.  S23  Early  passage  TIG-1  was  infected  with  retroviral  empty  vector  or 
shRNA  against  Hsfl.  Two  days  later  vector  cells  were  treated  with  10  |j,m 
nutlin-3  or  100  nM  Dox,  and  cultured  for  5  additional  days.  Cells  were  fixed 
and  stained  with  DAPI.  Arrows  indicate  cells  with  punctate  DNA  foci  con¬ 
taining  cells,  which  are  senescence  associated  heterochromatin  foci  (SAHF). 

Fig.  S24  Early  passage  TIG-1  was  infected  with  retroviral  empty  vector  or 
shRNA  against  Hsfl,  and  2  days  later  10  (im  nutlin-3  was  added  to  the  vec¬ 
tor  for  5  additional  days.  Hsfl  depletion  increased  phosphorylation  of 
Hsp27,  similar  to  nutlin-3  treated  cells.  Abbreviations:  CT,  control;  Nut, 
Nutlin-3. 

Fig.  S25  Early  passage  TIG-1  was  infected  with  retroviral  empty  vector  or 
shRNA  against  Hsfl,  and  2  days  later  10  |im  SB  was  added  3  additional 
days,  and  collected  for  immunoblotting.  Hsfl  depletion  increased  phos¬ 
phorylation  of  IkB.  SB  treatment  decreased  phosporylation  of  IkB  in  both 
vector  and  Hsfl  depleted  cells. 

Fig.  S26  Early  passage  TIG-1  was  infected  with  retroviral  empty  vector  or 
shRNA  against  Hsfl,  and  2  days  later  10  \im  SB  was  added  for  3  additional 
days.  Hsfl  depletion  increased  SA-p-gal  staining,  which  was  decreased  by 
SB  treatment. 

Fig.  S27  Cell  expressing  empty  or  FLAG-tagged  wild-type  Hsfl  were  trea¬ 
ted  with  10  Gy  of  IR  and  cultured  for  6  days.  Cells  were  collected  for  RNA. 
qRT-PCR  was  performed  using  IL-8  and  GAPDH  mRNA.  IL-8  mRNA  dramati¬ 
cally  increased  in  DNA  damage  induced  senescent  cells.  This  increase  was 
significantly  suppressed  in  Hsfl  expressed  cells.  The  mean  and  ±SEM  were 
from  triplicates  of  two  independent  experiments. 
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